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Tracing   the   evolution  of  Earth’s   redox  history   is   one  of   the  great   challenges  of  
geobiology  and  geochemistry.  The  accumulation  of  photosynthetically  derived  oxygen  
transformed   the   redox   state   of  Earth’s   surface   environments,   setting   the   stage   for   the  
subsequent   evolution  of   complex   life.  However,   the   timing  of   the   advent  of   oxygenic  
photosynthesis   relative   to   the   Great   Oxidation   Event   (GOE;   ~2.4   Ga)   is   poorly  
constrained.   After   the   deep   ocean   became   oxygenated   in   the   early   Phanerozoic,  
hydrogen  sulfide,  which  is  toxic  to  most  aerobes,  may  have  transiently  accumulated  in  
the   marine   photic   zone   (i.e.   photic   zone   euxinia;   PZE)   during   mass   extinctions   and  
oceanic  anoxic  events.  Here,  the  molecular  fossil  evidence  for  oxygenic  photosynthesis  
and   eukaryotes   is   reevaluated,   where   the   results   imply   that   currently   existing   lipid  
biomarkers  are  contaminants.  Next,   the   stratigraphic  distribution  of  green  and  purple  
sulfur   bacteria   biomarkers   through   geologic   time   is   evaluated   to   test   whether   these  
compounds   reflect   a  water   column   sulfide   signal,  which   is   implicit   in   their   utility   as  
PZE   paleoredox   proxies.   Results   from   a   modern   case   study   underscore   the   need   to  
consider   allochthonous   and  microbial  mat   sources   and   the   role   of   basin   restriction   as  
alternative  explanations   for   these  biomarkers   in   the  geologic   record,   in  addition   to  an  
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The  advent  of  oxygenic  photosynthesis  set  the  stage  for  the  evolution  of  complex  
life   on   an   oxygenated   planet.   It   is   unknown   when   this   biochemistry   emerged,   but  
without   question,   the   oxygenation   of   the   atmosphere   and   oceans   is   one   of   the  most  
profound   biologically-­‐‑mediated   transformations   of   the   planet.   Moreover,   transient  
marine   deoxygenation   and   sulfide   accumulation   could   have   also   played   a   significant  
role  in  Phanerozoic  mass  extinctions  and  oceanic  anoxic  events  (e.g.  1-­‐‑3).  In  the  future,  it  
is   predicted   that   oxygen   minimum   zones   (OMZs)   and   dead   zones   will   expand   and  
intensify,  having  serious  consequences  for  the  biogeochemistry  and  ecological  structure  
of  these  marine  systems  (4-­‐‑6).  Looking  into  the  geologic  past  and  reconstructing  Earth’s  
redox  history  could  inform  the  environmental  context  during  which  some  metabolisms  
evolved  and  expanded  in  contrast   to  other   intervals  where  many  taxa  became  rapidly  
extinct.  However,  to  date,  there  are  many  unanswered  questions  that  we  must  address  
in   order   to   fully   understand   Earth’s   marine   redox   history   and   its   closely   coupled  
evolutionary  drivers  and  consequences:    
  
1. What   is   the   timing   of   the   advent   of   oxygenic   photosynthesis   and   the  
evolution  of  eukaryotes  relative  to  the  Great  Oxidation  Event  (GOE)?  
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2. How  did  the  marine  redox  structure  evolve  during  the  Proterozoic?  There  
are  few  definitive  constraints  on  the  nearly  two  billion  year  environmental  
and   evolutionary   transition   between   the   anoxic  Archean   oceans   and   the  
oxic  oceans  of  the  Phanerozoic  that  we  know  today.  
  
3. How  and  why  did  the  marine  redox  state  change  during  the  Phanerozoic  
oceanic   anoxic   events   (OAEs),   and  how  does   oxygen  depletion   interface  
with  ecological  change?  
  
While   the   following   chapters   certainly  do  not   solve   these   three  broad  questions,   they  
contribute  elements  of  insight  to  each  of  these  redox-­‐‑related  questions.  
The   results  presented   in  Chapter   2  have   implications   for   our  understanding  of  
when   oxygenic   photosynthesis   and   eukaryotes   evolved   relative   to   the   first   major  
increase   in   atmospheric   oxygen—the   GOE.   The   secular   record   of   mass   independent  
fractionation  of  sulfur   isotopes  has  become  the   iconic  reflection  of   the  GOE  where  the  
mass   independent   fractionation   of   33S   and   36S   relative   to   32S   disappears   from  
sedimentary   rocks   after   2.3–2.4   Ga   (7,   8),   convincingly   marking   the   first   step   in  
atmospheric   oxygen   accumulation   (9,   10).  However,   consensus   has   yet   to   be   reached  
regarding   the   antiquity   of   oxygenic   photosynthesis   and   eukaryotic   evolution   (10-­‐‑15).  
Extracting  metabolic   and   phylogenetic   information   from   the   simple  morphologies   of  
early  microfossils  is  problematic,  so  other  avenues,  particularly  geochemical  (14,  16-­‐‑22),  
have   been   pursued   to   determine   when   biological   oxygen   cycling   first   evolved.   For  
instance,   molecular   fossils,   particularly   hopanes   and   steranes,   detected   in   Archean  
rocks  have  become  one  of  the  primary  lines  of  evidence  for  oxygenesis  and  aerobiosis  as  
much   as   300   million   years   preceding   the   GOE   (14,   23-­‐‑29).   However,   the   origin   and  
interpretation  of  the  Archean  biomarkers  have  been  questioned  in  recent  years  (11,  30-­‐‑
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32).   A   multi-­‐‑laboratory   study   of   new   drill   cores   that   tested   the   syngeneity   of  
hydrocarbon  biomarkers  reported  in  Archean  host  rocks  is  detailed  in  Chapter  2.    
   Molecular   and   bulk   organic   geochemical   methods   are   used   in   Chapter   3   to  
evaluate  the  environmental  and  ecological  changes  that  occurred  through  the  Toarcian  
OAE.   One   of   the   exciting   findings   reported   in   this   chapter   is   the   first   discovery   of  
okenane,   which   is   the   diagenetic   product   of   the   purple   sulfur   bacterial   carotenoid  
okenone,   in  Phanerozoic  rocks  of  marine  origin.  The  diagenetic  products  of  green  and  
purple   sulfur   bacterial   pigments   have   been   used   to   constrain   the   depths   at   which  
sulfide  occured  in  ancient  water  columns  based  on  modern  observations  of  the  depths  
where  anoxygenic  photosynthetic  production  occurs  using  specific  pigments  (33-­‐‑36).  It  
has  been  suggested,  for    instance,  that  okenane  implies  sulfide  at  depths  less  than  24  m,  
while  isorenieratane  implies  sulfide  at  depths  as  deep  as  100  m  (37-­‐‑39).    
Discovering   okenane   in   marine   rocks   from   the   Early   Jurassic   was   unexpected  
because   prior   to   this   finding   the   only   marine   occurrence   of   okenane   was   in   the  
Paleoproterozoic   Barney   Creek   Formation   (BCF;   1.64   Ga)   (37,   40),   which   now  
incidentally   contains   the   oldest   hydrocarbon   biomarkers   according   to   Chapter   2.  
However,   unlike   the  Toarcian   event,   a   stable   sulfidic   chemocline   at   depths   shallower  
than  24  m  seems  plausible  in  the  Paleoproterozoic  because  of  the  prevailing  scenario  of  
low   atmospheric   oxygen   concentrations   and   enhanced   anoxygenic   photosynthetic  
production  during   the   Proterozoic   (10,   41).   In   fact,   the   Barney  Creek   carotenoids   (37,  
40),   in   conjunction   with   abundant   inorganic   evidence   (42-­‐‑48),   have   built   on   and  
developed   the  “Canfield  Ocean”  hypothesis   into  a  more   complex  narrative  of   euxinic  
and  ferruginous  conditions  during  protracted  deep  ocean  anoxia  of  the  Proterozoic  (49,  
50).  Yet   the  Toarcian  OAE  study  in  Chapter  3  hinted  that   the  green  and  purple  sulfur  
bacterial   carotenoid   record   might   be   incomplete   and   that   there   could   be   additional  
complexities   involved   in   the   intepretation   of   the   carotenoid   photic   zone   euxinia  
paleoredox  proxies.    
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Consequently,   a   more   comprehensive   study   (detailed   in   Chapter   4)   was  
performed  to  systematically  enhance  and  assess  the  patterns  of  green  and  purple  sulfur  
bacterial  carotenoids  in  geologic  time.  As  part  of  this  study,  two  different  tandem  mass  
spectrometry   analytical   methods   are   described   and   compared   for   the   analysis   of  
sedimentary  C40  carotenoids:  gas  chromatography  metastable  reaction  monitorgin  mass  
spectrometry   (GC-­‐‑MRM-­‐‑MS)   and   gas   chromatography   triple   quadruploe   mass  
spectrometry   (GC-­‐‑QQQ-­‐‑MS).   Together,   the   results   presented   in   chapters   3   and   4  
demonstrate  that  the  green  and  purple  sulfur  bacterial  carotenoids  are  more  ubiquitous  
in  the  geologic  record  than  was  previously  known.  The  key  question  that  emerges  from  
this  new  pattern  is  how  the  discovery  of  okenane  in  Phanerozoic  marine  rocks  and  oils,  
which  were  deposited  when  atmospheric  oxygen  concentrations  were  close  to  modern  
levels   (51),   affects   the   paleoenvironmental   interpretation   of   green   and   purple   sulfur  
bacterial   pigments   in   samples   of   all   age.  More   specifically,   can   a   sulfidic   chemocline  
persist  at  depths  of  24  m  or  less  in  an  unrestricted  marine  environment  long  enough  to  
support   green   and   purple   sulfur   bacterial   production   when   atmospheric   oxygen  
concentrations  are  at  or  near  present  day  levels?    
The   simpliest   approach   to   answering   this   question   is   to   look   for   modern  
environmental  systems  where  this  phenomena  occurs.  However,  one  of  the  challenges  
that   emerges   is   that   there   is   a   “no   analog”   problem   that   we   face   in   interpreting   the  
geologic   carotenoid   record.   In   other   words,   at   present,   there   is   no   evidence   in   the  
modern  ocean  that  green  and  purple  sulfur  bacteria  and  their  co-­‐‑occuring  pigments  are  
present   in  unrestricted,   transiently  sulfidic  marine  water  columns.  This   is  problematic  
because  the  green  sulfur  bacterial  carotenoids  and  inorganic  evidence  have  been  used  to  
build  a  model  of  expanded  transiently  euxinic  OMZs  during  Phanerozoic  OAEs,  rather  
than   the   more   traditional   “ocean   stagnation”   model   (1,   52-­‐‑56).   While   according   to  
models,   this   is   a   more   likely   model   than   the   “ocean   stagnation”   model,   there   is   a  
disconnect   between   the   modern   environments   that   we   derive   the   basis   for  
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interpretation  of  green  and  purple   sulfur  bacterial   carotenoids,   such  as   the  Black  Sea,  
fjords,  and  lakes  (e.g.  37-­‐‑39),  and  the  marine  systems  that  we  want  to  characterize  in  the  
ancient:   transiently   sulfidic   OMZs.   Yet   the   modern   ocean   does   supply   examples   of  
transient  sulfide  plumes  occuring  in  OMZs  (57-­‐‑61).  What  can  we  learn  from  them?  
The   Benguela   upwelling   system   off   the   coast   of   Namibia   experiences   annual  
sulfide  eruptions  (61-­‐‑64).  It  is  not  known  for  how  many  years  the  Namibian  shelf  waters  
have  been  prone  towards  sulfide  eruptions,  but  they  have  been  a  feature  of  the  system  
for   more   than   50   years   (61).   Nitrogen   cycling   has   long   been   the   focus   of   OMZ  
biogeochemical  studies,  but  recently  it  was  proposed  that  a  “cryptic  sulfur  cycle”  could  
be  operating   in   today’s  OMZs   (65,  66).  Documenting  sulfide  oxidizing  photosynthetic  
bacteria   and   their   pigments   in   the   Benguala   upwelling   system   would   add   an  
independent   geochemical   constraint   in   support   of   an   active   sulfur   cycle   and   would  
provide   a   more   realistic   modern   analog   of   sulfidic   OMZs   that   are   envisioned   for  
Phanerozoic   OAEs.   This   prospect   is   explored   further   in   Chaper   5,   where   marine  
sediments  of   the  Namibian  margin  are  surveyed  for  pigments  belonging  to  green  and  
purple  sulfur  bacteria.    
Another  observation   that   is   explored   in  Chapter   3   is   the   change   in   the   relative  
contribution   of   terrestrial   and   marine   organic   matter   to   the   study   site   in   Yorkshire  
England  during  the  Toarcian  OAE.  The  variability  in  organic  matter  sourcing  appears  to  
affect  the  bulk  organic  matter  carbon  isotopic  excursion  (CIE),  magnifying  it  compared  
to   the   terrestrial   and   marine   compound   specific   CIEs.   Furthermore,   variations   in  
fractional   abundance   of   terrestrial   versus  marine   organic  matter   have   been   observed  
during   other   OAEs   and   mass   extinctions,   where   explanations   focus   on   changes   in  
marine   productivity,   marine   organic   matter   preservation,   sea   level   changes,   and  
terrestrial  erosion   (e.g.  67-­‐‑73).   In  addition   to  affecting  how  a  CIE   is  expressed   in  bulk  
organic  matter,  changes  in  the  fractional  contribution  of  terrestrial  and  marine  organic  
matter  to  a  study  site  can  influence  how  we  characterize  marine  and  terrestrial  organic  
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carbon  cycling  during  some  of  these  major  events.  As  a  result,  it  is  important  to  identify  
and   accurately   interpret   the   origin   for   an   organic   matter   source   input   change.   In  
Chapter   6,   several   mechanisms,   including   a   change   in   terrestrial   organic   matter  
contribution,   are   evaluated   to   explain   the   sterochemical   anomaly   that   had   been  
previously  identified  in  the  C30  hopanes  deposited  through  the  Permian-­‐‑Triassic  at  the  
Meishan  section  of  southeastern  China.  Finally,  a  new  hypothesis  for  the  end  Permian  
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Abstract:  Hopanes   and   steranes   found   in  Archean   rocks   have   been   presented   as   key  
evidence  supporting  the  early  rise  of  oxygenic  photosynthesis  and  eukaryotes,  but  the  
syngeneity  of  these  hydrocarbon  biomarkers  is  controversial.  To  resolve  this  debate,  we  
performed  a  multi-­‐‑laboratory  study  of  new  cores  from  the  Pilbara  Craton,  Australia  that  
were  drilled  and  sampled  using  unprecedented  hydrocarbon-­‐‑clean  protocols.  Hopanes  
and  steranes  in  rock  extracts  and  hydropyrolysates  from  these  new  cores  were  typically  
at  or  below  femtogram  detection   limit,  but  when   they  were  detectable,   they  had   total  
hopane  (<  37.9  pg/g  rock)  and  total  sterane  (<  32.9  pg/g  rock)  concentrations  comparable  
to   those  measured   in   blanks   and   negative   control   samples.   In   contrast,   hopanes   and  
steranes   measured   in   the   exteriors   of   conventionally   drilled   and   curated   rocks   of  
stratigraphic  equivalence  reach  concentrations  as  high  as  389.5  pg/g  rock  and  1039  pg/g  
rock,  respectively.  While  polycyclic  aromatic  hydrocarbons  and  diamondoids  were  not  
detected  in  laboratory  blanks,  they  exhibit  individual  concentrations  up  to  80  ng/g  rock  
in  rock  extracts  and  up  to  1000  ng/g  rock  in  hydropyrolysates  from  the  ultra-­‐‑clean  cores.  
These  new  results  demonstrate  that  previously  studied  Archean  samples  host  mixtures  
of   biomarker   contaminants   and   indigenous   thermally   overmature   hydrocarbons.  
Therefore,   existing   lipid   biomarker   evidence   cannot   be   invoked   to   support   the  
emergence   of   oxygenic   photosynthesis   and   eukaryotes   by   ~2.7  Ga.  Although   suitable  
Proterozoic   rocks   exist,  no   currently  known  Archean   strata   lie  within   the  appropriate  
thermal   maturity   window   for   syngenetic   lipid   biomarker   preservation.   Future  
explorations  for  Archean  biomarkers  should  screen  for  rocks  with  milder  metamorphic  





Significance   Statement:   The   advent   of   oxygenic   photosynthesis   set   the   stage   for   the  
evolution   of   complex   life   on   an   oxygenated   planet,   but   it   is   unknown   when   this  
transformative  biochemistry  emerged.  The  existing  lipid  biomarker  record  requires  that  
oxygenic  photosynthesis   and  eukaryotes   emerged  more   than  300  million  years  before  
the  Great  Oxidation   Event   (GOE).  We   report   that   hopane   and   sterane   concentrations  
measured  in  new  ultra-­‐‑clean  Archean  drill  cores  from  Australia  are  comparable  to  blank  
concentrations,  yet  their  concentrations  in  the  exteriors  of  conventionally  collected  drill  
cores  of  stratigraphic  equivalence  exceed  blank  concentrations  by  more  than  an  order  of  
magnitude   due   to   surficial   contamination.   Consequently,   existing   lipid   biomarker  
reports  no  longer  provide  valid  evidence  for  the  advent  of  oxygenic  photosynthesis  and  
eukaryotes  by  ~2.7  Ga.    
  
Keywords:   “Archean   biomarkers”,   “oxygenic   photosynthesis”,   “eukaryotes”,   “Great  
Oxidation  Event”,  “Pilbara  Craton”  
  
2.1  Main  Text:  Elucidating  the  timing  of  the  advent  of  oxygenic  photosynthesis  relative  
to   the   rise   of   atmospheric   oxygen   represents   a   key   challenge   in   geobiology.   The  
detection   of   hopane   and   sterane   hydrocarbons   in   Archean   sedimentary   rocks   has  
provided   an   avenue   for   examining   the   evolution   of   biological   oxygen   cycling   (1-­‐‑7).  
These  results,  in  addition  to  inorganic  evidence  (8,  9),  suggest  that  atmospheric  oxygen  
accumulation   was   suppressed   for   hundreds   of   millions   of   years   following   the  
emergence  of  oxygenic  photosynthesis.  But  the  interpretation  of  the  Archean  biomarker  
record  has  become  controversial  with  recent  arguments   for  a  non-­‐‑syngenetic  origin  of  
these   hydrocarbons   (10,   11).   Furthermore,   the   discovery   of   hopanes   and   steranes   in  
metamorphosed  Archean  rocks  requires   that,   if   these  carbon  skeletons  are  syngenetic,  
they  have  persisted  despite  experiencing   temperatures  50–150°C  above   the  end  of   the  
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oil  window,  which  is  the  temperature  range  over  which  liquid  oil   is  generated  from  a  
source  rock  (~50–150°C)  (12).  In  addition  to  clarifying  the  upper  temperature  threshold  
for  lipid  biomarker  preservation,  resolving  the  origin  of  the  organic  biomarkers  hosted  
in  Archean  rocks  would  either  recast  or  solidify  the  late  Archean  framework  in  which  
we  understand  one  of  the  most  profound  biologically-­‐‑mediated  transformations  of  the  
planet—the  Great  Oxidation  Event  (GOE).    
  
We   present   results   from   three   Archean   drill   cores   from   the   Pilbara   Craton,  Western  
Australia  that  were  drilled  during  the  2012  Agouron  Institute  Drilling  Program  (AIDP).  
Core  AIDP-­‐‑1  (21°6'ʹ38'ʹ'ʹS,  119°6'ʹ4'ʹ'ʹE)  intersected  the  volcanogenic  Coucal  Formation  (3.52  
Ga)  of   the  Coonterunah  Subgroup   (13),  while  AIDP-­‐‑2  and  AIDP-­‐‑3   recovered  organic-­‐‑
rich   sedimentary   rocks   of   the   lowest   metamorphic   grade   currently   known   in   the  
Pilbara.  Core  AIDP-­‐‑2  was  drilled  in  the  Ripon  Hills  region  (21°16'ʹ51"ʺS,  120°50'ʹ2"ʺE)  as  a  
direct  replicate  of  the  RHDH2A  core,  which  was  recovered  in  1985  using  conventional  
drilling   methods   (14)   and   reportedly   contains   syngenetic   Archean   biomarkers   (3,   4).  
Spatially   separated   by   less   than   1   km,   AIDP-­‐‑2   and   RHDH2A   both   intersect   the  
Carawine  Dolomite   (<   2.63   Ga)   of   the  Hamersley  Group   and   the   Jeerinah   Formation  
(2.63–2.67  Ga)   of   the   Fortescue  Group   (15),   so   they   are   direct   equivalents   in   terms   of  
stratigraphy   and   regional   metamorphism   (Fig.   1).   Previous   studies   of   mineral  
assemblages   and   organic   matter   reflectivity   indicate   that   the   Ripon   Hills   region   lies  
within  the  prehnite-­‐‑pumpellyite  metamorphic  facies  and  anthracite  coal  rank,  implying  
maximum  burial   temperatures   of   200–300°C   (16-­‐‑18).  AIDP-­‐‑3   (21°46'ʹ32'ʹ'ʹS,   117°34'ʹ11'ʹ'ʹE)  
was  drilled  as  a  deeper  water  facies  analog  of  AIDP-­‐‑2  and  a  stratigraphic  equivalent  of  
WRL-­‐‑1,   which   is   the   core   that   was   first   reported   to   contain   Archean   hydrocarbon  
biomarkers   for   cyanobacteria   and  eukaryotes   (1).  Like  WRL-­‐‑1,  AIDP-­‐‑3   intersected   the  
Marra   Mamba   Iron   Formation   and   the   Jeerinah   Formation   and   also   lies   within   the  
prehnite-­‐‑pumpellyite  metamorphic  facies  (16).    
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The   AIDP   cores   were   drilled   and   sampled   using   protocols   chosen   to   minimize  
hydrocarbon   contamination.  At   the   beginning   of   the  AIDP   campaign,   all   core   barrels  
were   cleaned  with   soap   and  water,   and   subsequently   only   new   drill   bits  were   used.  
Water  without  added  lubricants  was  used  as  the  sole  drilling  fluid  for  the  entirety  of  the  
program.  AIDP-­‐‑1,  which  mainly   intersected  metamorphosed   igneous   rocks,   provided  
negative   control   samples   (i.e.   non-­‐‑sedimentary   rocks   devoid   of   syngenetic   organic  
matter)   and  abrasively   removed   residual   organics   that  may  have   accumulated  on   the  
drill-­‐‑rods   during   previous   projects.   Minutes   after   recovery   from   depth,   untouched  
portions   of   selected   core   material   were   rinsed   with   Type-­‐‑1   ultrapure   water   in   the  
aluminum   core   tray   before   being   placed   into   organic-­‐‑clean   Teflon   bags   containing  
several  milliliters  of  ultrapure  water  to  prevent  the  core  material  from  drying  out.  After  
purging  with  high  purity  Ar,   the  sample  bags  were  sealed  and   frozen  at  –20ºC   in   the  
dark  until  the  whole  cores  were  sawed.  In  total,  the  whole-­‐‑core  samples  were  packaged,  
purged,  and  frozen  in  less  than  20  minutes  after  recovery  from  depth.    
  
Systematic  blank  analyses  using  solvent  rinses  and  sawed  pieces  of  a  combusted  brick  
demonstrated  that  the  diamond-­‐‑rimmed  blade  used  with  the  newly  purchased,  water-­‐‑
cooled   saw   constructed   entirely   of   stainless   steel   and   aluminum   was   an   important  
vector  for  hydrocarbon  biomarker  contamination.  After  exhausting  other  methods  (see  
SI),   the  saw  blade  was  heated   to  300°C   for  1  hour  and  was  sonicated   in  solvent,  after  
which   solvent   rinses   and   combusted   brick   blanks   verified   that   sawing   no   longer  
contributed  detectable  hydrocarbon  contaminants.  Subsequently,  the  frozen  whole  core  
samples  were   sawed   into  mirror   halves   at  ANU,  which  were   distributed   to  multiple  
laboratories   for   independent   analyses.   The   extractable   biomarker   methods   and   data  
described  below  are  specific  to  the  ANU/MIT  joint  dataset,  which  analyzed  the  majority  
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of  samples  for  extractable  hydrocarbons  (Table  S1),  but  all  results  from  all  laboratories  
are  consistent  with  the  results  described  here.  
  
Approximately  ~5–10  mm  thick  slabs  of  the  rock  surface  were  sawed  off  from  the  half  
core,   such   that   all   of   exposed   surfaces  were   removed   (Fig   1).   These   rock  pieces  were  
collected   as   the   “exterior”   sample,  while   the   remaining   rock   served   as   the   “interior”  
sample.  The  interior  and  exterior  samples  were  prepared  in  parallel  with  a  combusted  
sand  blank.  Between  ~10–40  g  of   the   rock  powder  were  extracted  with   solvents.  Each  
extract   was   concentrated   and   redissolved   in   100   µμL   of   hexane   for   analyses   by   gas  
chromatography-­‐‑mass   spectrometry   (GC-­‐‑MS)   in   full   scan   and   metastable   reaction  
monitoring  (MRM)  modes  (see  SI).  Each  laboratory  analyzed  either  a  chert  or   igneous  
negative  control  sample  from  AIDP-­‐‑2  or  AIDP-­‐‑1  for  extractable  hydrocarbons  prior   to  
the  analyses  of  the  biomarker  target  samples.  In  total,  the  interiors  and  exteriors  of  ten  
biomarker   target   samples   across   the   Carawine   Dolomite   and   Jeerinah   Formation   of  
AIDP-­‐‑2  and  two  biomarker  target  samples  from  the  Jeerinah  Formation  of  AIDP-­‐‑3  have  
been  analyzed  for  extractable  hydrocarbons  (sample  lithologies  provided  in  Table  S1).    
  
Hopanes  and  steranes  were  typically  at  or  below  femtogram  detection  limits  in  the  rock  
extracts  from  AIDP-­‐‑2  and  AIDP-­‐‑3,  but  if  they  were  detectable,  the  total  sterane  and  total  
hopane   concentrations  were   comparable   to  blank  and  negative   control   concentrations  
(Table   1;   Fig.   1).   For   comparison,   the   hopane   and   sterane   concentrations   that   were  
detectable  and  measured  in  the  AIDP  samples  are  ~1–3  orders  of  magnitude  less   than  
the  hopane  and  sterane  concentrations  reported  in  earlier  Archean  biomarker  studies  (7,  
19).  Moreover,  homologous  series  of  extractable  n-­‐‑alkanes  (C10–23+)  that  were  prominent  
in   previous   Archean   biomarker   studies   (1-­‐‑3,   7)   were   also   below   detection   limits   or  
cumulative   laboratory   blank   concentrations   in   the   analyzed   AIDP   samples.  
Hydropyrolysates,   which   are   hydrocarbon   pyrolysates   released   from   the   kerogen   by  
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catalytic   cracking   under   high   pressure   hydrogen,   were   analyzed   from   pre-­‐‑extracted  
rock  powders  or  kerogens  (insoluble  organic  matter)  from  8  samples  from  AIDP-­‐‑2  and  
AIDP-­‐‑3.   As   in   the   rock   extracts,   individual   hopanes   and   steranes   in   the  AIDP-­‐‑2   and  
AIDP-­‐‑3   hydropyrolysates  were   usually   at   or   below  detection   limits,   but   if   they  were  
detectable   then  neither   the   total  hopane  nor   the   total   sterane  concentrations  exceeded  
cumulative  blank  concentrations  (<  20  pg/g  rock).  These  results  are  consistent  with  the  
absence   of   hopanes   and   steranes   in   previous  Archean  hydropyrolysis   (HyPy)   studies  
(20,   21).   However,   a   series   of   C10–20   n-­‐‑alkanes   (with   a   maximum   abundance   at   C13),  
methylalkanes,   and   alkylcyclohexanes   were   detected   in   hydropyrolysates   from   two  
carbonate-­‐‑rich   rocks   at   116.09   m   and   170.4   m   in   the   Carawine   Dolomite   of   AIDP-­‐‑2.  
These   two   samples   contain   the   least   thermally   altered   kerogens   according   to   their  
association  with  the  highest  atomic  H/C  ratios  of  nearly  0.5  compared  to  typical  values  
of  0.2  (Table  S5)  and  the  highest  abundance  of  alkylated  relative  to  non-­‐‑alkylated  PAH  
in   the   pyrolysates   (Table   S10).   The   total   n-­‐‑alkane   concentrations   in   these  
hydropyrolysates  were  two  orders  of  magnitude  higher  than  in  laboratory  blanks  (<10  
ng/g  rock),  which  did  not  contain  detectable  methylalkane  and  alkylcyclohexane  series.  
The  n-­‐‑alkanes  detected   in   the  Carawine  Formation  hydropyrolysate   from  116.09  m   in  
AIDP-­‐‑2   had   δ13C   values   ranging   from   -­‐‑38.1   to   -­‐‑43.6   ‰   (Table   S7)   compared   to   the  
corresponding  bulk  δ13C  of   -­‐‑43.13  ‰  (Table  S5).  This   isotopic   similarity   indicates   that  
these  compounds  were  generated  from  the  kerogen.   In  contrast,  n-­‐‑alkanes  detected   in  
the   Jeerinah   Formation   black   shales   and   more   thermally   altered   Carawine   Dolomite  
hydropyrolysates  were  comparable  to  laboratory  blank  concentrations  (Table  S10).    
  
To   further   constrain   the   source   of   extractable   hydrocarbons   previously   reported   in  
Archean   rocks,   a   Carawine   Dolomite   quarter   core   sample   from   the   RHDH2A   core  
(130.2–130.4   m)   was   analyzed   using   the   same   laboratory   protocol   described   for   the  
AIDP   samples.   Like   the  AIDP   samples,   25–31   g   of   sample   interior   and   exterior  were  
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extracted  (Table  S2).  The  n-­‐‑alkanes,  hopanes,  and  steranes  were  enriched  on  the  exterior  
of  the  RHDH2A  core  compared  to  the  interior,  where  the  total  hopane  and  total  sterane  
concentrations  measured  in  the  exterior  exceeded  the  interior  and  blank  concentrations  
by   1–2   orders   of   magnitude   (Table   1   and   Fig.   1).   These   patterns   substantiate   earlier  
observations  of  biomarker  and  bitumen  enrichments  on  the  surfaces  of  conventionally  
drilled  and  curated  samples  relative  to  the  interiors  (3,  6,  11).  Furthermore,  the  hopane  
and  sterane  concentrations  measured  in  our  analysis  of  the  RHDH2A  sample  are  more  
comparable  to  the  concentrations  reported  in  earlier  Archean  biomarker  studies  of  the  
Pilbara   and   Kaapvaal   cratons   (7,   19)   than   the   concentrations   measured   in   the   AIDP  
samples.  Comparison   of  RHDH2A  and   cumulative   blank   concentrations   indicate   that  
laboratory  procedures  cannot  fully  account  for  the  addition  of  biomarkers  to  RHDH2A.  
Clearly,   the   hydrocarbons   must   have   been   present   in,   or   added   to,   the   RHDH2A  
quarter  core  before  laboratory  preparation.    
  
Two   hypotheses   have   been   proposed   to   explain   surficial   biomarker   enrichments   in  
Archean  drill  core:  contamination  and  the   live  oil  effect   (i.e.   the  outward  migration  of  
hydrocarbons   due   to   drill   core   depressurization   during   recovery)   (11).   If   the   live   oil  
effect   generated   the   surficial   biomarker   enrichments,   then   samples   from  both  AIDP-­‐‑2  
and   RHDH2A   should   display   surficial   hopane   and   sterane   enrichments   in   excess   of  
cumulative  blanks.  Instead,  contamination  is  the  only  explanation  for  the  reproducibly  
detectable  surficial  hopanes  and  steranes  in  conventionally  drilled  and  curated  Archean  
samples  (3,  6,  7,  11)  and  the  undetectable  or  blank  level-­‐‑equivalent  hopane  and  sterane  
concentrations  in  samples  from  the  ultra-­‐‑clean  AIDP  drill  cores.    
  
The  spatial  distribution  of  AIDP-­‐‑2  and  AIDP-­‐‑3  geographically  bracket  and  nearly  span  
the  entire  stratigraphic  section  from  which  all  of  the  other  Pilbara  biomarkers  have  been  
previously  reported  (1,  3,  4,  19).  According  to  currently  available  H/C  ratios  and  other  
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indicators   of   thermal   history,   the   metamorphic   grades   of   AIDP-­‐‑2   and   AIDP-­‐‑3   are  
comparable  to  (1-­‐‑4,  6,  7,  16,  19,  22)  or  lower  than  (5,  23,  24)  the  metamorphic  grades  of  
the   rocks   from   which   biomarkers   have   been   previously   reported.   Moreover,   known  
vectors   and   signatures  of   contamination   (i.e.   surface   enrichments)   are   independent  of  
sampling  locality  (6,  11,  this  study).  For  example,  the  analyses  of  the  saw  blade  (before  
it  was  heat-­‐‑treated)  and  the  sawed  surfaces  of  the  RHDH2A  quarter  core  highlight  that  
sawing   can   contribute   significant   but   variable   hydrocarbon   contaminants   to   the  
substrate,   yet   the   cumulative   blanks   reported   in   previous   studies   did   not   record   the  
hydrocarbon   contribution   from   sawing   (1,   4,   6,   7).   Furthermore,   recent   studies   have  
illustrated  that  petroleum-­‐‑derived  chemical  fossils  are  prevalent  in  aerosols,  providing  
another   potential   vector   for   hydrocarbon   contamination   (25).   Evidently,   samples   that  
were   the   subject   of   earlier   Archean   biomarker   work   accumulated   contaminants   on  
surfaces   during   processes   that   were   not   recorded   by   laboratory   blanks   (e.g.   drilling,  
sampling,   sawing,   and/or   storage),   and   trace   amounts   of   these   unaccounted   for  
hydrocarbon   contaminants  migrated   inwards   as   the   samples  dried  out,   oxidized,   and  
fractured   (11).   Therefore,   the   results   and   implications   from   the   new   AIDP   cores  
logically  extend  from  the  Pilbara  Craton  to  other  localities  (1,  4-­‐‑7,  19,  23,  24).  Since  we  
have  not   reanalyzed  samples   from  every  region  using  our  new  rigorous  methods,  we  
do   not   have   the   equivalent   direct   evidence   that   disproves   all   prior   work   (e.g.   7).  
Nevertheless,  our  new  data  requires  that  the  null  hypothesis  should  prevail,  such  that  
the   earlier   findings   are   attributable   to   contamination   based   on   all   currently   available  
evidence.  Future  studies  claiming   the  discovery  of   triterpenoid  hydrocarbons,  even   in  
mildly   metamorphosed   rocks,   must   provide   overwhelming   and   robust   evidence   for  
syngeneity   given   that   the   oil   window   is   the   only   temperature   range   over   which  
diagnostic  lipid  biomarkers  are  known  to  survive  with  certainty  at  this  point  (12).  
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Many  AIDP  samples,  however,  contained  extractable  polycyclic  aromatic  hydrocarbons  
(PAHs)   and   diamondoids   with   concentrations   up   to   80   ng/g   rock   and   4   ng/g   rock,  
respectively   (Fig   S1).   PAHs   and   diamondoids   were   also   detected   in   the  
hydropyrolysates,   where   individual   PAH   concentrations   were   up   to   1039   ng/g   rock,  
and   their   concentrations   were   significantly   higher   than   their   corresponding   blank  
concentrations  of   less   than   1  ng/g   rock   for  phenanthrene   and  pyrene   (Table   S10).   For  
both   rock   extracts   and   hydropyrolysates,   the  Carawine  Dolomite   hosted   significantly  
higher   concentrations   of   PAHs   and   diamondoids   than   the   underlying   Jeerinah  
Formation  black  shale  samples.  Like  the  PAHs  and  diamondoids  that  previous  studies  
reported   in   Archean   rock   extracts   and   hydropyrolysates   (3,   19,   20,   26),   the   low  
molecular  weight  aromatics   (≤  C16)  predominate  over  high  molecular  weight  PAHs   (>  
C16),   and   non-­‐‑alkylated   parent   PAH   are   in   greater   abundance   compared   to   alkylated  
PAH   (Fig.   S2   and  Table   S8).   Based  on   extractable  PAHs,   the  MPI-­‐‑1*   parameter   yields  
calculated   vitrinite   reflectances   (Rc)   between   2.63–3.00%   (Table   S9)   (19,   27).  Although  
heating   rate,   duration   of   heating,   and   type   of   organic  matter   can   complicate   a   direct  
conversion   between  Rc   and   temperature,   these  Rc   values   confirm   that   these   rocks   are  
overmature  having  experienced  temperatures  associated  with  the  dry  gas  window  and  
the   lower   end   of   the   prehnite-­‐‑pumpellyite   metamorphic   temperature   range   of   200–
300°C  (16,  17,  28-­‐‑30).  The  PAHs  and  diamondoids  are  indigenous  (i.e.  native  to  the  rock  
prior   to   drilling)   based   on   several   lines   of   evidence.   First,   their   concentrations   in   the  
sample   material   significantly   exceed   laboratory   blank   PAH   and   diamondoid  
concentrations.   They   also   have   exterior/interior   distribution   ratios   close   to   one   for  
compounds  less  sensitive  to  evaporation.  PAHs  and  diamondoids  were  detected  in  both  
rock  extracts  and  hydropyrolysates.  Finally,  the  PAH  and  diamondoid  distribution  and  
alkylation  patterns  impart  high  thermal  signatures  that  match  the  metamorphic  grade.    
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Stable   carbon   isotopic  data  can  be  assessed   to   test  whether   the   indigenous  PAHs  and  
diamondoids  were  generated  from  the  co-­‐‑existing  kerogen  (i.e  syngenetic)  and  have  the  
same   age   as   the   host   rock.   Consistent  with   earlier  work   (1,   31,   32),   the   bulk   organic  
carbon  was  found  to  be  anomalously  13C-­‐‑depleted  with  δ13C  values  ranging  from  -­‐‑32  to  -­‐‑
50‰   (Fig.   2   and   Table   S5).   The   extractable   PAHs   from   the   Carawine  Dolomite  were  
typically   13C-­‐‑enriched  by  10   to   20‰  compared   to   the  host   rock  organic  matter   (Fig.   2  
and  Table  S6),  with  two  exceptions.  First,  the  sample  at  133.55  m  exhibited  an  isotopic  
match   (Δ   <0.8‰)   between   the   extractable   PAHs   (-­‐‑32.3   to   -­‐‑33.2‰)   and   the   associated  
kerogen  (-­‐‑32.4‰),  which  was  enriched  in  13C  by  >10‰  compared  to  the  bulk  δ13C  of  the  
other  AIDP  samples.  This  sample,  however,  is  a  solid  pyrobitumen  disk  concentrated  in  
a  thick  stylolitic  structure,  implying  that  it  could  be  a  migrated  petroleum.  Notably,  the  
δ13C  of  the  PAHs  from  this  unique  sample  and  the  PAHs  from  the  other  AIDP  Carawine  
Dolomite   samples   are   equivalent,   suggesting   that   they   could   share   the   same  
allochthonous  source.  Second,  three  high  molecular  weight  PAHs  (228–252  Da)  from  the  
AIDP-­‐‑2  sample  at  116.09  m  had  isotopic  values  ranging  from  -­‐‑38.9  to  -­‐‑41.3‰,  yielding  
an   offset   from   the   host   rock   kerogen   of   1.8   to   4.3‰.   These   three   compounds   are   the  
most   13C-­‐‑depleted  extractable  PAHs   that  have  been   reported   from  Archean   rocks   (19-­‐‑
21).   Only   a   single   compound   specific   isotopic   measurement   was   possible   for   this  
sample,  so  the  analytical  uncertainty  and  reproducibility  are  not  constrained.  In  contrast  
to  the  extractable  PAHs,  the  δ13C  of  the  hydropyrolysate  PAHs  match  the  bulk  organic  
matter  within  a  range  of  0.1  to  2.9‰  (Fig.  2),  and  they  are  the  most  13C-­‐‑depleted  organic  
molecules  reported  from  Archean  rocks,  ranging  from  -­‐‑42.6  to  -­‐‑45.9‰  (Table  S7).  
  
Previous   work   suggests   that   the   Jeerinah   Formation   and   other   organic-­‐‑rich   Archean  
shales  generated  and  expelled  petroleum  (17)  and  that  the  Pilbara  craton,  including  the  
Ripons   Hills   region,   has   experienced   multiple   episodes   of   hydrothermal   fluid   flow,  
particularly   around   the   time  of   peak   regional  metamorphism  at   ~2.1  Ga   (18,   33).   The  
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isotopic  match  between  the  AIDP  bulk  organic  matter  and  the  hydropyrolysate  PAHs  
support  a  syngenetic  origin  for  the  hydropyrolysate  PAHs  where  they  were  generated  
by  thermochemical  cleavage  of  covalent  bonds  within  the  host  kerogens.  In  contrast,  the  
δ13C  of  extractable  PAHs  do  not  co-­‐‑vary  with  the  AIDP  bulk  organic  δ13C  through  the  
carbon   isotopic   anomaly   at   2.6–2.7   Ga   (Fig.   2),   suggesting   that   the   kerogens   of   the  
Jeerinah  Formation  and  Carawine  Dolomite  may  not  necessarily  be  the  primary  source  
of   the   co-­‐‑occurring   extractable  PAHs,  despite   strong  evidence  of   indigeneity.   Instead,  
the   primary   bitumens  may   have   been   diluted   or   replaced   by   a   second   generation   of  
migrated   overmature   hydrothermal   PAHs   during   or   before   peak   metamorphism.  
Alternatively,   lateral  oil  migration  before  peak  metamorphism  could  have   introduced  
the   extractable  organic  matter  with   isotopic   compositions  distinct   from   the  associated  
kerogen.   The   three   extractable   PAHs   of   high   molecular   weight   from   the   sample   at  
116.09  m  that  have  isotopic  compositions  approaching  the  bulk  organic  carbon  isotopic  
composition   hint   at   mixing   between   syngenetic   high   molecular   weight   extractable  
PAHs   and   migrated   PAHs   of   low   molecular   weight   containing   1–3   fused   aromatic  
rings,   but   future   studies   are   required   to   test   this   observation.   Lastly,   the   extractable  
PAHs  could  be  syngenetic  but  heavily  altered  by  reactions  between  hydrothermal  fluids  
and  the  bitumen  (26),  but  this  mechanism  may  not  be  able  to  account  for  the  full  >10‰  
13C-­‐‑enrichment.   Regardless   of   the   source   of   the   extractable   PAHs,   the   biomolecular  
precursors  of  the  PAHs  and  diamondoids  are  unknown.    
  
We  have  demonstrated  the  feasibility  of  collecting  organic-­‐‑lean  and/or  overmature  drill  
core  samples  without  the  addition  of  contaminant  biomarker  hydrocarbons.  Our  results  
verify   that   hydrocarbon   concentration   gradients   through   a   sample   can   be   used   to  
distinguish  contaminants   from  indigenous  hydrocarbons  (11),  which   is  a  critical  proof  
of   concept   for   Precambrian   organic   geochemistry   that   has   never   been   directly  
demonstrated.  Furthermore,  HyPy  analyses  of  kerogen-­‐‑bound  organic  matter  is  another  
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critical  self-­‐‑consistency  check  for  syngeneity  of  lipid  biomarkers  (34).  In  agreement  with  
previous  HyPy  studies  of  Archean  rocks  (20),  hopanes  and  steranes  were  not  detected  
in  hydropyrolysates   from  AIDP-­‐‑2  or  AIDP-­‐‑3.  Together,   these   results   from   the  Pilbara  
Craton  illustrate  that  previously  studied  Archean  samples  host  a  mixture  of  indigenous  
PAHs   and  diamondoids   in   addition   to  hydrocarbon   contaminants,   including   alkanes,  
steranes,   and   hopanes   that   accumulated   during   sample   collection   and   curation.   The  
Archean   sedimentary   rocks   that   are   presently   known   and   characterized   are   too  
thermally   mature   to   allow   for   the   preservation   of   syngenetic   hopane   and   sterane  
molecules,   if   they   had   been   generated   during   this   time.   Future   studies   aiming   to  
employ   molecular   organic   geochemistry   to   answer   evolutionary   questions   about   the  
early   Earth   should   screen   and   filter   for   samples   that   have   a   milder   thermal   history  
using  a   combination  of  approaches   including  Rock-­‐‑Eval  pyrolysis,   elemental  analysis,  
and  Raman   spectroscopy.   In   light  of   the   findings  described  here,  previously   reported  
Archean   biomarkers   should   no   longer   be   invoked   as   evidence   supporting   the   rise   of  
cyanobacteria  and  eukaryotes  before  the  GOE.    
  
*MPI-­‐‑1=1.5*(2-­‐‑MeP+3-­‐‑MeP)/(P+1-­‐‑MeP+9-­‐‑MeP)   where   P=Phenanthrene   and   MeP=Methyl  
Phenanthrene  
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Fig.   1.  Hopanes   and  Steranes   in   rock   extracts   from  AIDP-­‐‑2   compared   to  RHDH2A.  
Comparison   and   lithological   correlation   of   the   intersected   stratigraphy   of   AIDP-­‐‑2  
(center  left)  and  RHDH2A  (center  right)  based  on  previous  descriptions  of  RHDH2A  (3,  
14).   The   age   references   are   listed   in   the   SI,   and   red  markers   denote   the   stratigraphic  
depths   of   analyzed   samples.   The   MRM   analysis   of   an   RHDH2A   sample   from   the  
Carawine   Dolomite   reveals   that   C30–34   hopane   and   C26–29   sterane   concentrations   are  
higher   in   the   core   exterior   compared   to   the   interior   (right).   In   contrast,   hopanes   and  
steranes   were   not   detected   in   MRM   analyses   of   either   interiors   or   exteriors   of   a  
correlative   sample   from   the  Carawine  Dolomite   recovered   at   170.4  m   in  AIDP-­‐‑2   (top  
left)   or   from   the   underlying   Roy   Hill   Member   of   the   Jeerinah   Formation   at   325.5   m  
(bottom  left).    




Fig.   2.   Compound   Specific   and   Bulk   Organic   δ13C.   Stable   carbon   isotopic  
measurements  of  bulk  organic  matter  from  AIDP-­‐‑2  and  RHDH2A  (3,  31)  are  compared  
(center).  The  RHDH2A  depth  was  converted  to  the  AIDP-­‐‑2  depth  scale  by  a  correction  
factor  of  45  m  due  to  the  stratigraphic  offset  (see  Fig.  1).  Rock  extract  and  HyPy  full  scan  
chromatograms   are   plotted  with   PAH  δ13C.  AIDP-­‐‑2   133.55  m   is   the   only   sample   that  
displayed  an  isotopic  match  between  the  extractable  PAHs  and  the  bulk  organic  matter  
(top   right).   The   extractable   PAH   δ13C   from   the   other   Carawine   Dolomite   samples  
diverged   from   the   corresponding   bulk   organic   matter   δ13C   (top   left).   The  
hydropyrolysate  PAHs  from  the  Carawine  Dolomite  and  the  Jeerinah  Formation  match  
the   bulk   organic   carbon   isotopic   composition   (bottom   left   and   right).   The   range   of  
previously   reported  Archean  PAH  δ13C   is  plotted   for   reference   (19-­‐‑21).  The   analytical  
uncertainty  is  plotted  for  the  PAH  δ13C  measurements,  but  it  is  smaller  than  the  symbol  
in  most  cases.  The  different  GC  methods  yield  different  retention  times.    
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Range for blanksa ndb to 37.9 nd to 32.9 nd to 37.9 nd to 32.9 
     AIDP-2 441.00 m 
(negative control) nd nd 31.4 nd 
     AIDP-2 146.2 m nd nd 10.7 11.8 
AIDP-2 170.4 m nd nd nd nd 
AIDP-2 197.2 m nd nd 50.4 49.4 
AIDP-2 291.28 m nd nd 7.3 16.5 
AIDP-2 301.40 m 5.2 nd 8.0 nd 
AIDP-2 325.48 m nd nd nd nd 
AIDP-2 327.42 m nd nd 38.5 24.3 
     AIDP-3 98.36 m nd nd nd nd 
AIDP-3 130.30 m nd nd nd nd 
     RHDH2A interiorc  3.5 21.1   RHDH2A sawed 
surface 1c   250 1092 
RHDH2A sawed 
surface 2c   259 509 
RHDH2A rounded 
surfacec     390 468 
a Interior and exterior does not apply to blanks 
b “nd” denotes “not detected” 



















At   the   beginning   of   the   AIDP   campaign,   all   drill   rods   were   cleaned   with   soap   and  
water,   and  a  new  drill   bit  was  used  at   the  beginning  of   the  project.   Furthermore,   the  
abrasive   action   during   the   drilling   of   AIDP-­‐‑1,   which   penetrated   a   greenschist  
metamorphic   grade   volcanic   sequence   that  was   not   expected   to   contain   hydrocarbon  
biomarkers,   was   intended   to   further   remove   residual   organics   that   may   have  
accumulated  during  previous  drilling  projects  from  the  drill  rods.  AIDP-­‐‑1  was  drilled  at  
5º  with  an  azimuth  of  55º  at  718123  E,  7664005  N  using  water   from  a  bore   in  order   to  
recover  the  Coucal  Formation  (3.52  Ga)  of  the  Coonterunah  Subgroup  (1).  AIDP-­‐‑2  was  
drilled  at  77º  with  an  azimuth  of  191º  at  51K:  275384  E,  7645330  N   in   the  Ripon  Hills  
region  of   the  eastern  Pilbara  Craton,   less   than  ~1  km   from  where  hole  RHDH2A  was  
collared.   Water   used   as   a   drilling   fluid   was   pumped   from   a   permanent   pool   in  
Yilgalong   Creek   into   a   large   tank,   which   allowed   suspended   sediment   to   settle   out.  
Water  was  spiked  with  perdeuterated  biphenyl  (1  µμg/L)  and  with  fluorescein  (1  mg/L)  
as   synthetic   tracers,  which  were  produced  on-­‐‑site   as   stock   solutions   in  methanol   and  
added  to  the  tank  in  regular  time  intervals  to  maintain  roughly  constant  concentrations.    
The  rationale  was  to  use  easy  identifiable  hydrophilic  and  hydrophobic  components  to  
assess   the   core   penetration   depth   of   potential   contaminants   that   were   brought   into  
contact  with  the  cores  during  the  drilling  process.  Drilling  started  in  reverse  circulation  
(R/C)  mode,  during  which  no  cuttings  were  recovered,  which  was  performed  down  to  a  
depth   of   113.90   m   to   get   below   the   weathering   horizon.   The   hole   was   cleaned   by  
flushing   with   copious   amounts   of   water   before   diamond   drilling   started   at   HQ  
diameter  down  to  a  depth  of  298.95  m  and  NQ  diameter  until  441.90  m,  at  which  point  
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the  hole  was  terminated.  AIDP-­‐‑3  was  drilled  at  86º  with  an  azimuth  of  35º  at  558753  E,  
7591713   N   using   water   from   a   borehole   in   order   to   recover   the   Marra   Mamba   Iron  
Formation  and  the  Jeerinah  Formation.  The  stratigraphic  columns  in  Figure  1  compare  
the  AIDP-­‐‑2  and  RHDH2A  stratigraphies  where  the  RHDH2A  stratigraphic  column  was  
constructed  based  on  previous  descriptions  of  RHDH2A  (2,  3)  and  previously  reported  




The  drillers  were  instructed  to  avoid  touching  the  drill  core.  Instead,  the  drilling  crew  
shook  the  core  material  from  the  drilling  barrels  directly  into  the  aluminum  core  tray.  
C.H.   and   K.L.F.   washed   their   hands   with   soap   prior   to   collecting   each   individual  
sample  for  organic  geochemical  analysis.  If  the  sample  was  too  long  for  collection,  the  
sample   was   broken   into   a   shorter   piece   of   whole   core   with   a   cleaned   geological  
hammer,  rinsed  with  Type-­‐‑1  ultrapure  water  and  carefully  transferred  into  FEP  Teflon  
bags  (Welch  Fluorocarbon).  The  Teflon  bags  had  been  previously  cleaned  by  boiling  in  
Aqua  Regia   (HCl/HNO3   :  70/30)  and  repeated  rinsing  with  organic  solvents.  The  bags  
were   tested   for   hydrocarbons   prior   to   use   in   the   field.   All   bags   contained   synthetic  
spikes  d34-­‐‑hexadecane  (1  µμg/bag)  and  d62-­‐‑triacontane  (500  ng/bag),  which  were  added  as  
aliquots  of  1  mL  DCM  that  were  allowed  to  distribute  evenly  at  the  bottom  of  the  bags  
before  evaporation  of  the  solvent.  After  the  whole  core  sample  was  placed  in  the  Teflon  
bag,  a  small  volume  of  ultrapure  water  was  added  to  bags  to  avoid  sample  desiccation.  
Samples  were   purged  with   argon   before   being   sealed   and   immediately   frozen   in   the  
dark   at   –20ºC.  This   sampling  procedure   ensured   that   the   samples  were   collected   and  
frozen   within   10-­‐‑20   minutes   after   the   drill   core   material   was   recovered   from   depth.  
Core  samples  remained  at  this  temperature  throughout  the  entire  drilling  campaign  and  
during   transport   to  Canberra,  where   they  were   stored   frozen   at   –20ºC.   Samples  were  
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labeled   according   to   the   following   scheme:   AIDP   hole   number/1/order   of   sample  
collected–sample   depth   (m),   where   the   ‘1’   indicates   an   ultra-­‐‑clean   biomarker   sample  
(Tier-­‐‑1),  so  the  first  sample  taken  at  AIDP-­‐‑2,  for  example,  was  labeled  2/1/1-­‐‑116.09  m.  
  
2.4.3  Sawing  and  Sample  Distribution  at  ANU  
  
The  ANU/MIT  team  worked  together  at  ANU  in  order  to  ensure  that  the  AIDP  samples  
were   sawed   into   duplicate   core   halves   and   distributed   to   the   individual   laboratories  
with  minimal  addition  of  hydrocarbon  contamination.  A  new  saw  (NWC  14  model  SS  
Cut-­‐‑off  machine  by  Nortel  machinery,  Buffalo,  NY)  was  purchased  for   the  purpose  of  
sawing   the   AIDP   whole   core   samples   at   ANU.   This   saw   was   selected   because   it   is  
constructed  entirely  of  stainless  steel  and  aluminum  and  does  not  use  a  pump  to  recycle  
water  for  cooling  and  lubrication.  Instead,  the  saw  blade  was  cooled  and  lubricated  by  
Milli-­‐‑Q   water   (Millipore   Elix   3UV)   that   was   gravity   fed   to   the   saw   blade   and  
subsequently  collected  into  a  tray  for  disposal  after  a  single  use.    
  
Prior  to  sawing  the  AIDP  samples,  each  step  of  the  laboratory  preparation  pathway  was  
checked   for   contribution   of   hydrocarbon   contamination.   At   least   two   blanks   were  
prepared   for   each   laboratory   step.   Solvent   rinses   of   the   saw   blade  were   collected   for  
saw  blade  blanks.  Combusted  sand  was  powdered  in  a  shatterbox  (Standard  Ring  Mill  
by   Rocklabs,   New   Zealand)   using   a   cleaned   stainless   steel   puck   mill   for   puck   mill  
blanks.  Combusted  ceramic  tiles  were  loaded  into  clean  extraction  cells  for  Accelerated  
Solvent  Extraction  (ASE)  system  blanks  using  a  Dionex  ASE  200.  Aliquots  (~60  mL)  of  
dichloromethane   (DCM)   and   hexane   were   evaporated   for   Turbovap   blanks   using   a  
TurboVap  LV  Evaporator   (Caliper  Life  Sciences,   Inc.).  Small  aliquots   (~4  mL)  of  DCM  
and  hexane  were  evaporated  on  a  warm  metal  block  with  a  gentle  stream  of  nitrogen  
for  evaporation  block  blanks.  Lastly,  a  solvent  blank  was  prepared.  Each  blank  was  then  
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subjected   to   all   of   the   downstream   steps   in   the   laboratory   pathway.   For   a   more  
comprehensive  procedural  blank,  a  combusted  brick,  which  was  heated  at  550ºC  for  12  
hours,   was   fed   into   the   saw   blade   on   a   metal   tray   that   was   lined   with   combusted  
aluminum  foil  and  sliced  into  small  pieces.  All  material  that  was  being  sawed  was  held  
using   combusted   aluminum   foil   in   order   to   minimize   the   introduction   of   surficial  
contamination.   The   combusted   brick   pieces   were   then   dried   in   an   oven   at   55°C,  
powdered  in  a  puck  mill,  extracted  by  ASE,  concentrated,  and  transferred  to  an  insert.  
The  set  of  procedural  and  process  blanks  were  analyzed  by  gas  chromatography-­‐‑mass  
spectrometry  (GC-­‐‑MS)  in  full  scan  and  metastable  reaction  monitoring  (MRM)  modes.  
The   ANU/MIT   laboratory   and   analytical   methods   are   described   in   greater   detail   in  
section  2.4.4.  
  
The  blank  analyses   revealed   that   the   laboratory  processes  downstream  of   sawing  did  
not   contribute   detectable   hydrocarbon   biomarkers,   specifically   hopanes   and   steranes.  
The   ASE   extraction   added   diphenyl   sulfone   to   the   solvent   extract.   However,   this  
compound   is   not   a   biomarker   of   interest,   so   it   was   disregarded   as   a   significant  
hydrocarbon   contaminant.   In   contrast,   solvent   rinses   of   multiple   saw   blades   (Nortel  
Diamond  wheel  12”,  0.062  rim  and  14”,  0.07  rim  and  UKAM  Industrial  Superhard  tools)  
yielded   a   mixture   of   hydrocarbons,   including   alkanes,   hopanes,   and   steranes.   These  
hydrocarbons  continued  to  be  detected  in  saw  blade  solvent  rinses  even  after  a  number  
of  physical  and  organic  geochemical  cleaning  treatments,  including  scrubbing  with  steel  
wool,  removing  a  surface  layer  with  silicon  carbide  grit,  solvent  washing,  dishwashing,  
and   sand   blasting.   Moreover,   the   hydrocarbons   associated   with   the   saw   blade   were  
transferred   to   the   combusted   brick   blank   during   sawing,   and   the   amount   of  
hydrocarbon   contamination   transferred   from   the   saw   blade   to   the   sample   was  
proportional  to  the  newly  sawed  surface  area  of  the  brick.  Clearly,  sawing  is  a  serious  
potential  source  of  contaminant  hydrocarbon  detected  in  previously  analyzed  Archean  
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host   rocks.   As  most   cores   analyzed   in   previous   studies  were   saw-­‐‑cut   by   the   drilling  
operators  on-­‐‑site,  reported  cumulative  blanks  failed  to  capture  this  important  process.    
  
After  exhausting  other  methods  of  hydrocarbon  contaminant  removal,  one  of  the  tested  
saw   blades   was   heated   in   a   furnace   to   ~300°C   for   1   hour,   despite   potential   safety  
concerns   (i.e.   delamination   of   the   blade   during   sawing).   The   saw   blade   was  
subsequently  ultrasonicated  in  a  combusted  aluminum  foil  envelope  containing  solvent.  
After   this   cleaning   procedure,   the   saw   blade   solvent   rinses   and   combusted   brick  
extracts  demonstrated  that  the  sawing  procedure  was  no  longer  a  significant  source  of  
detectable  hydrocarbon  contaminants.   In  particular,   the  hopanes  and  steranes  were  at  
or   below  detection   limit,   but   if   a  hopane  or   sterane  was  detectable   the  peak   size  had  
been  reduced  to  trace  levels  approaching  the  detection  limit  (Table  1).    
  
Whole  core  samples  were  treated  the  same  way  as  the  combusted  brick  blanks.  Samples  
were  sawed  lengthwise  into  mirrored  core  halves,  which  were  subsequently  distributed  
to  the  participating  organic  geochemistry  laboratories,  ensuring  that  samples  would  be  
worked   up   independently   in   two   separate   laboratories.   One   set   of   core   halves   was  
worked  up  and  analyzed  at  ANU  in  Canberra  immediately  after  halving  and  thawing,  
implying   that   the   cores   were   not   subjected   to   potential   alteration   processes   during  
subsequent   storage,   which   could   involve   the   formation   of   micro-­‐‑scale   desiccation  
cracks,  pyrite  oxidation,   evaporation  of   lighter  hydrocarbons   from  core   exteriors,   and  
additional   contamination   during   repackaging   and   transport.   Core   halves   to   be  
distributed  from  the  ANU  laboratory  to  other  laboratories  were  wrapped  in  combusted  
aluminum   foil   and   packed   into   combusted   glass   jars,   where   they   were   padded   and  
sealed   with   additional   combusted   aluminum   foil   before   being   screwed   close.   The  
samples   were   sent   to  Macquarie   University   frozen,   while   University   of   Bremen   and  
University   of   California   Riverside   received   their   samples   thawed.   Samples   were  
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analyzed  between   three   to  nineteen  months  after  drilling   in   the  different   laboratories.  
Unlike  the  samples  that  were  analyzed  directly  at  ANU  by  the  ANU/MIT  team,  minor  
alteration  of  the  distributed  core  halves  was  evident,  such  as  oxidation  of  the  aluminum  
foil   due   to   aerial   oxidation   of   reduced  phases   in   the   samples,   such   as   pyrite.   Sample  
lithologies  and  laboratory  distributions  are  described  in  Table  S1.  
  
2.4.4  Laboratory  Methodology    
  
ANU  &  MIT  joint  analysis  
  
Laboratory  preparation    
The  ANU  and  MIT  teams  worked  together  at  ANU  to  prepare  and  analyze  the  largest  
set  of  AIDP  samples,  so  these  are  the  methods  described  in  the  main  article.  However,  
they  are  described  in  greater  detail  here.  Because  the  frozen  whole  core  samples  were  
sawed   in  half   at  ANU,   these   samples  did  not  undergo   the  additional   steps  of   sample  
distribution.   Instead,   these   samples   remained   frozen   and   purged   with   argon   for   the  
entire   duration   of   storage,   and   they   were   worked   up   immediately   or   soon   after   the  
whole   core   was   split   into   half.   The   methods   for   testing   laboratory   procedural   and  
process  blanks  prior   to   sample   analysis   are  described   in   2.4.3.  The   samples   that  were  
prepared  and  analyzed  at  ANU  were  processed  in  three  different  rounds.  At  least  one  
combusted  brick  blank  was  prepared  and  analyzed  at   the  beginning  of  each  round  of  
sample   preparation   to   ensure   that   the   entire   sample   preparation   pathway   was   still  
robust  after   the   lapse  of   time   (weeks  or  months)  between  sample  preparation  rounds.  
The   11   samples   and   corresponding   13   blanks   (not   including   process   and   procedural  




The  core  halves  for  ANU  analysis  were  sawed  into  interior  and  exterior  pieces  using  the  
same  saw  described  in  section  2.4.3.  Approximately  5–10  mm  slabs  were  removed  from  
the   core   exterior,   including   the   rounded   drilling   surface   and   the   exposed   core   end  
pieces.  As  a  result,  any  rock  surface  that  could  have  come  into  contact  with  the  Teflon  
bag  or  drilling  equipment  was  removed  and  collected  as  the  exterior  sample.  RHDH2A  
was   sawed  using   the   same   saw,   but   because   it  was   a   quarter   core   that   had   been   cut  
previously  it  was  cut  according  to  a  different  scheme  (see  the  diagrams  in  Fig.  1).  The  
rounded  drilling  surface  was  collected  as  a  separate  sample  denoted  “rounded  surface”.  
The   two   sawed   surfaces  were   sawed   off   and   collected   as   separate   samples:   “saw   cut  
surface   1”   and   “saw   cut   surface   2.”   Compared   to   the   AIDP   samples,   the   RHDH2A  
sample  was  markedly  drier  and  more   fractured.  The   interior  and  exterior  pieces  were  
sawed  into  pieces  that  were  small  enough  to  be  placed  into  the  stainless  steel  puck  mill  
at  the  same  time  that  the  sample  was  being  split  into  interior  and  exterior  samples.  
  
After   sawing,   the   interior   and   exterior  pieces  were   collected   as   separate   samples   into  
combusted   glass   jars.   In   order   to   remove   fine   particles   generated   during   sawing,   the  
pieces  were  rinsed  with  Milli-­‐‑Q  water  until  the  rinse  water  was  clear.  The  interior  and  
exterior  pieces  were  dried  overnight  at  55°C  in  an  oven  with  combusted  aluminum  foil  
placed  loosely  over  the  top  of  the  glass   jar.  The  stainless  steel  puck  was  cleaned  using  
soap   and   water   before   being   solvent   rinsed   with   methanol,   DCM,   and   hexane.  
Subsequently,  at  least  four  aliquots  of  combusted  sand  were  powdered  in  the  puck  mill.  
The  powdered   sand   aliquots  were  discarded  with   the   exception   of   the   last   aliquot   of  
powdered  sand,  which  was  collected  as  a  sand  blank.  Next,   the   interior  of   the  sample  
was  powdered,  followed  by  the  exterior.  At  least  four  more  aliquots  of  combusted  sand  
were  powdered  between  samples,  where  again  the  last  sand  aliquot  was  collected  as  a  
sand  blank   for   the  next   sample.  Therefore,   every   sample  had  a   sand  blank  associated  
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with   it.   The   blank,   sample   interior,   and   sample   exterior   were   prepared   in   parallel  
during  all  subsequent  downstream  procedures  in  that  order.  
  
Sample   extraction   was   performed   with   a   9:1   (v:v)   DCM:   methanol   (MeOH)   solvent  
mixture  in  a  Dionex  ASE  200.  ASE  extraction  cells  were  cleaned  using  soap  and  water  
and   by   solvent   cleaning.  ASE   cells  were   then  pre-­‐‑extracted  using   combusted   ceramic  
tile  filling.  The  combusted  sand  blank  was  extracted  in  the  pre-­‐‑extracted  ASE  cell.  The  
powdered   sand  was   removed   from   the   cell   after   extraction.   The   sample   interior  was  
then   extracted   in   the   same   ASE   cell   without   additional   cleaning   following   the   sand  
blank   extraction.   Similarly,   the   interior   sample   powder   was   removed,   and   the  
powdered   sample   exterior   was   extracted   in   the   same   ASE   cell   without   additional  
cleaning.  The  sequential  powdering  and  extraction  of  sand  blank,  interior,  and  exterior  
ensured  that  the  samples  were  subjected  to  the  same  or  cleaner  conditions  than  the  sand  
blank.  The  total  lipid  extract  (TLE)  was  concentrated  under  a  stream  of  purified  N2  in  a  
water  bath  (<40°C)  using  a  Turbovap.  However,  precaution  was  taken  to  ensure  that  the  
samples  were  never  blown  down  to  dryness  during  concentration  and  transfer  steps  in  
order   to   avoid   losing   low   molecular   weight   compounds.   Solvent   cleaned   activated  
copper  granules  were  used  to  remove  elemental  sulfur,  which  was  abundant  in  some  of  
the   extracts   from   the   Jeerinah   Formation.   The   concentrated,   desulfurized   TLE   was  
transferred   to   an   insert   containing   0.5  ng  of  D4   (d4-­‐‑C29-­‐‑ααα-­‐‑ethylcholestane)   standard.  
Each   sample   was   then   brought   up   to   a   volume   of   100   µμL   in   n-­‐‑hexane,   so   the  
concentration  of  the  injected  D4  standard  was  5  pg/µμL.  After  samples  were  screened  in  
GC/MS   full   scan  mode,   500   ng   of   18-­‐‑methyl   eicosanoic   acid  methyl   ester   (18-­‐‑MEME)  
standard   was   added   to   Carawine   Dolomite   samples   in   order   to   quantify   PAHs   and  
diamondoids.  The  samples  were  then  brought  up  again  in  100  µμL,  so  the  concentration  
of   the   18-­‐‑MEME   injected   was   5   ng/µμL.   The   measured   total   hopane   and   sterane  
concentrations  for  the  blanks  and  samples  are  provided  in  Table  1  of  the  main  article.  
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GC-­‐‑MS  analytical  conditions    
All   samples   were   analyzed   by   GC/MS   in   full   scan   and   MRM   modes.   Carawine  
Dolomite  samples  were  also  analyzed  for  aromatic  steroids  by  selected  ion  monitoring  
(SIM).   GC-­‐‑MS   analyses   of   the   saturate   and   aromatic   fractions   were   carried   out   on   a  
Micromass  AutoSpec  Premier  equipped  with  a  6890  gas  chromatograph  (Agilent)  and  a  
DB-­‐‑5   capillary   column   (60  m  ×  0.25  mm   i.d.,   0.25  µμm   film   thickness)  using  helium  as  
carrier  gas.  The  MS  source  was  operated  at  260°C  in  EI-­‐‑mode  at  70  eV  ionization  energy  
and  with   8000  V   acceleration   voltage.   Samples  were   injected   in   splitless  mode   into   a  
PTV  injector  was  ramped  from  60°C  (hold  for  0.1  min)  to  300°C  at  260°C/min  and  held  
at   the  maximum  temperature   for   the  remaining  duration  of   the  analysis.  For   full-­‐‑scan  
analyses,   the  GC  oven  was  programmed  at  60°C  (4  min),  heated   to  315°C  at  4°C/min,  
with  a  final  hold  time  of  22.3  min.  The  AutoSpec  full-­‐‑scan  duration  was  0.7  s  plus  0.2  s  
interscan  delay  over  a  mass  range  of  55-­‐‑600  Da.  For  MRM  and  SIM,  the  GC  oven  used  
the   same   temperature   program   except   that   it   held   the   final   temperature   for   32.3  
minutes.  The  MRM  channel   that   included  hopane  and   sterane   transitions  had  a   cycle  
time   of   918.4  milliseconds   and   an   inter   scan   delay   of   0.1   seconds.   All   samples   were  
injected  in  n-­‐‑hexane  (0.5  or  1  µμL  out  of  a  total  volume  of  100  µμL)  to  avoid  deterioration  
of  chromatographic  signals  by  FeCl2  build-­‐‑up  in  the  MS  ion  source  caused  by  the  use  of  
halogenated  solvents  (8).    
  
Compound-­‐‑specific  isotope  analyses  at  Geoscience  Australia  of  extractable  PAH  
The   carbon   isotopic   composition   of   individual   hydrocarbons  was   determined   by   gas  
chromatography-­‐‑isotopic   ratio   mass   spectroscopy   (GC-­‐‑IRMS).   The   analytical   system  
included   a   Thermo   Finnigan   Trace   GC   interfaced   via   a   Thermo   Finnigan   GC  
Combustion   III   to   a   Thermo   Scientific   MAT   253   isotope-­‐‑ratio   mass   spectrometer.  
Depending   on   solvent   volume,   samples   were   injected   on-­‐‑column   either   manually   or  
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automatically  (GC  PAL  autosampler).  Helium  was  used  as  the  carrier  gas  at  a  constant  
flow  of  2  mL/min.  The  GC  capillary  column  was  a  DB-­‐‑5  (60  m  x  0.32  mm  i.d.,  0.25  µμm  
film  thickness)  and  the  GC  oven  was  programmed  at  40°C  for  10  min,  heated  to  310°C  
at  4°C/min  and  held  at  the  final  temperature  for  up  to  10  min.  Data  was  acquired  and  
processed   using   the   software   package   ISODAT   3.0.   The   system   was   calibrated   and  
corrected   for   instrument   drift   by   co-­‐‑injecting   internal   standards   of   perdeuterated   n-­‐‑
alkanes   (C16D34,   C20D42,   C24D50;   Chevron)   with   known   isotopic   compositions.   All   δ13C  
values  are  reported  in  ‰  relative  to  the  Pee  Dee  Belemnite  (VPDB)  standard.  Isotopic  
analyses  were   carried   out   in   duplicates  with   reported  data   achieving   an   error  within  
±0.5-­‐‑1.0‰  for  polyaromatic  hydrocarbons.  The  results  are  included  in  Table  S6.  
  
Total  organic  carbon  and  bulk  organic  δ13C    
Nearly   0.5   g   of  unextracted   interior   sample  powder  was  weighed   into   a   test   tube   for  
decarbonation  using  3N  hydrochloric  acid  (HCl).  The  samples  were  allowed  to  react  at  
room  temperature  over  night  before  they  were  centrifuged  and  decanted.  Each  sample  
was  tested  to  ensure  that  additional  HCl  did  not  generate  further  reaction.  The  residual  
material   was   rinsed   with   Milli-­‐‑Q   water   until   the   supernatant   was   pH   neutral.   The  
samples  were  then  dried  over  night  in  a  60°C  oven.  The  remaining  sample  material  was  
weighed   in  order   to   calculate   the  percent   carbonate.  The   sample  material  was   further  
homogenized  using  a  glass  rod  before  being  transferred  to  combusted  4  mL  glass  vials.  
  
The   total   organic   carbon   (TOC)   and   bulk   organic   δ13C   was   performed   in   the   Fallon  
laboratory   at  ANU.  A  preliminary   test   run  using   10  mg  of   sample  was  performed   in  
order  to  estimate  how  much  carbon  was  in  each  sample.  Based  on  the  test  results,   the  
amount   of   sample   weighed   into   the   tin   capsule   was   modified   in   order   to   introduce  
approximately  0.25  mg  of  carbon  into  the  mass  spectrometer  for  every  sample.  For  the  
final   analysis,   ~4   mg   of   vanadium   pentoxide   (Carlo   Erba)   was   weighed   into   each  
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sample   and   standard   capsule   to   enhance   combustion   efficiency.   Each   sample   was  
prepared  in  duplicate.  An  empty  tin  capsule  was  analyzed  in  between  samples  to  assess  
and  prevent  sample  carry  over.  Eighteen  polyethylene  standards  (IAEA-­‐‑CH-­‐‑7;  85.7%  C;  
δ13CVPDB=   -­‐‑32.15  +/-­‐‑  0.05‰)  were  prepared  and  used   to  bracket  groups  of   five  samples  
and  five  tin  capsules.  USGS-­‐‑40  (L-­‐‑glutamic  acid;  δ13CVPDB  =  -­‐‑26.389  +/-­‐‑  0.04‰;  40.8%  C),  
USGS-­‐‑41  (L-­‐‑glutamic  acid;  δ13C=  +37.63  +/-­‐‑  0.05‰),  and  IAEA-­‐‑600  (caffeine;  δ13CVPDB  =  -­‐‑
27.771  +/-­‐‑  0.043‰;  49.48%  C)  were  prepared  in  duplicate  for  secondary  standards  that  
were  analyzed  at   the  beginning  and  end  of   the   sample   sequence.  A   set  of   six  glycine  
standards  (32%  C;  δ13CVPDB  =-­‐‑48.26‰)  with  masses  ranging  from  0.15  mg  to  0.9  mg  of  C  
were   used   to   test   the   linearity   of   the  measurement.  A   SerCon   20-­‐‑22   continuous   flow  
isotope  ratio  mass  spectrometer  (CS-­‐‑IRMS)  coupled  to  an  Automated  Nitrogen  Carbon  
Analyser-­‐‑   Gas   Solids   and   Liquids   Elemental  Analyzer   (ANCA-­‐‑GSL   EA)  was   used   to  
analyze  the  sample  set  in  continuous  flow  mode.    
  
The  average  carbon  isotopic  value  of  the  IAEA-­‐‑CH-­‐‑7  polyethylene  standard,  which  was  
measured  throughout  the  sample  sequence,  was  within  0.15‰  of  the  accepted  δ13CVPDB  
value   and   the   average   carbon   percentage   was   within   0.2%   of   the   accepted   carbon  
percentage.  The  TOC  and  bulk  δ13C  results  are  given   in  Table  S5.  The  bulk  δ13C   is   the  
average  of  the  δ13C  sample  duplicates  with  the  difference  between  the  average  δ13C  and  
individual   measurements   reported   as   the   corresponding   standard   deviation.   The  
uncertainty  of   the  TOC  measurements  cannot  be  determined  with  certainty  since  they  
rely   on   the   uncertainty   of   the   carbonate   percentage   calculations,   but   the   duplicate  
measurements   of   the   decarbonated   material   were   never   greater   than   0.5%   from   the  
average  value.    
  
Analyses  at  U.  Bremen  &  MPI  Jena  
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Laboratory  preparation    
Before  proceeding  to  analyze  samples,  the  cleanliness  of  the  laboratory  procedure  was  
tested  with  a  series  of  process  blanks,  which  tested  individual  steps  of  the  workup  path,  
and   cumulative   procedural   blanks,  which   are   subjected   to   the   full   equivalent   sample  
workup.   For   procedural   blanks   we   used   pieces   of   brick   that   were   cut   to   sticks   with  
dimensions  of  ca.  3  x  3  x  10  cm,  wrapped  in  aluminum  foil  and  baked  at  500ºC  for  10  
hours   to   remove   potential   organic   contaminants   by   combustion.   Given   the   focus   on  
diagnostic   biomarker   hydrocarbons,   the   cleanliness   was   determined   by   target  
compound   analysis   for   hopanes   and   steranes.   While   process   blanks   with   biomarker  
levels   below   detection   limit   could   be   achieved,   this   could   not   be   accomplished   for  
procedural  blanks.  Workup  of  core  samples  was  initiated  once  we  consistently  achieved  
a   level   of   steroid   contamination   of   <100   fg   per   chromatographic   peak   and   levels   of  
hopanoid  contamination  <  ca.  300  fg  per  peak  over  three  consecutive  procedural  blanks  
(see   section   2.4.5.   for   discussion   of   blank   concentrations).   The   persistent   but   trace  
contaminants   had   a   non-­‐‑fossil   signature   (e.g.   only   C27   ααR   amongst   the   regular  
steranes).    
  
Six  core  samples  and  two  brick  blanks  were  sawed  into  interior  and  exterior  portions,  
removing  ca.  1   cm  of  material   from  all   core  edges,  by  using  an  all-­‐‑stainless   steel   trim  
saw  that  was  fitted  with  a  diamond-­‐‑rimmed  blade.  The  blade  had  undergone  multiple  
cleaning  steps  that  involved  repeated  ultrasonication  in  organic  solvents  and  baking  at  
400ºC  before  an  acceptable  level  of  blade  cleanliness  was  achieved.  Core  samples  were  
held   with   pieces   of   baked   aluminum   foil   and   the   blade   was   lubricated   with   a  
continuous  stream  of  doubly  purified,  deionized  and  organic-­‐‑clean  water  (0.055  µμS/cm;  
2–7  ppb  TOC)  that  was  not  recirculated.  Core  pieces  were  subsequently  transferred  to  
beakers  and  dried  on  a  hot  plate  at  60ºC  until  dry  and  tightly  covered  with  aluminum  
foil  for  temporary  storage.  Subsequently,  core  interiors  and  one  brick  blank  were  fully  
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processed  before  workup  of  core  exteriors  was  initiated.  Fragments  were  wrapped  in  a  
piece   of   thick   (50   µμm)   aluminum   foil   and   crushed   by   the   impact   of   a   DCM-­‐‑cleaned  
hammer  on  a  DCM-­‐‑cleaned  steel  plate.  Fragments  were  transferred  to  clean  aluminum-­‐‑
foil   covered   beakers,   where   they   were   stored   until   powdering.   The   latter   was  
performed   in   a   Siebtechnik   Shatterbox   equipped  with   a   stainless   steel   puck  mill   that  
was  cleaned  by  baking  at  500ºC.  All  core  interiors  were  powdered  first,  followed  by  all  
core  exteriors,  where  the  puck  and  container  was  baked  in  between.  For  both  interiors  
and   exteriors,   the   sequence   of   powdering   was   brick   blank,   negative   control   chert  
sample,  sample  2/1/014,  sample  2/1/10,  sample  2/1/008,  sample  2/1/007,  sample  2/1/004,  
and  sample  2/1/001.  The  powdered  samples  were  transferred  to  glass  jars  for  long-­‐‑term  
storage  (Table  S3).  In  between  samples,  the  puck  and  milling  container  were  cleaned  by  
grinding  combusted  quartz  sand  four  times  and  rinsing  with  dichloromethane.  Sample  
powder  aliquots  of  ca.  8  g  were  transferred  into  pre-­‐‑cleaned  Teflon  tubes,  in  which  they  
were  microwave-­‐‑extracted   (CEM  Mars-­‐‑6;   30  minutes   at   110ºC)  under   stirring  with   50  
mL  of  DCM  (Merck,  UniSolv  grade).  All  of  the  Teflon  tubes  had  previously  undergone  
the  extraction  of  process  blanks,  which  confirmed  their  cleanliness.  After  centrifugation  
the  extracts  were  decanted  and  the  extraction  step  was  repeated.  Pooled  extracts  were  
evaporated   at   40ºC   and   800   mbar   to   a   residual   volume   of   1   mL.   The   extracts   were  
replenished  with  10  mL  cyclopentane  (Merck,  OmniSolv  grade;  double  distilled  before  
use)  before  being  reduced  again   to  a  volume  of  1  mL  under   the  same  conditions.  The  
concentrated   extracts   were   transferred   in   cyclopentane   to   total-­‐‑recovery   GC-­‐‑vials  
spiked  with  20  ng  of  d14-­‐‑p-­‐‑terphenyl  and  500  pg  of  d4-­‐‑ααR-­‐‑cholestane.  Subsequently  core  
exteriors  were  processed  following  the  same  protocol,  using  the  same  Teflon  tubes  that  
were   employed   for   corresponding   core   interior   samples.   No   preparative  
chromatographic   separation   of   compound   classes   was   undertaken   to   minimize   the  
potential  addition  of  contaminants  during  the  laboratory  workup.  
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GC-­‐‑MS  analytical  conditions    
Extracts   were   analyzed   in   full   scan   mode   using   an   Almsco   BenchTOF-­‐‑dx   mass  
spectrometer   coupled   to   a   Thermo   Trace  GC  Ultra.   Volumes   of   2   out   of   ca.   1000   µμL  
(samples  dissolved  in  c-­‐‑pentane)  were  injected  in  splitless  mode  (PTV  injector  ramped  
from   60º   to   315ºC   with   14.5º/sec   at   72.4   psi)   and   separated   on   a   VF-­‐‑1MS   capillary  
column  (40  m  x  0.15  mm  I.D.  x  0.15  µμm  film  thickness)  using  Helium  5.0  carrier  gas  at  a  
constant   flow   rate   of   1.4   mL/minute   and   a   temperature   program   starting   at   60ºC   (2  
minutes),  ramped  to  325ºC  at  4.5º/min  and  held  at  final  temperature  for  15  minutes.  A  
constant   split   flow   (apart   from   1  minute   of   splitless   flow  during   sample   injection)   of  
100:1  ensured  a  minimum  of  atmospheric  components  in  the  carrier  gas.  Ionization  was  
achieved  by  electron  impact  at  70  eV  and  250ºC  with  a  filament  current  of  ca.  4  A.  Data  
was  measured  from  m/z  30–800  but  was  only  recorded  from  m/z  50–550  at  ~1000  mass  
resolution   using   2469   scans   per   scanset   and   a   scanset   period   of   250  ms.  Compounds  
were  quantified  by  comparison  of  base  peak  areas  to  that  of  d14-­‐‑p-­‐‑terphenyl  on  ion  trace  
m/z  244  without  correcting  for  differential  response  factors.  PAH  and  diamondoid  ratios  
and  calculated  vitrinite  reflectances  are  given  in  Tables  S8  and  S9,  respectively.  
  
Target   compound   analysis   for   hopanoids   and   steroids   was   performed   on   a   Thermo  
Quantum   XLS   Ultra   triple   quadrupole   MS   coupled   to   a   Thermo   Trace   GC   Ultra.  
Volumes   of   6   out   of   ca.   1000   µμL   (samples   dissolved   in   c-­‐‑pentane)   were   injected   on  
column  at  70ºC.  We  used  a  60  m  DB-­‐‑5MS  capillary  column  (0.25  mm  I.D.,  0.25  µμm  film  
thickness)  linked  to  a  10  m  deactivated  pre-­‐‑column  (0.53  µμm  I.D.).  Helium  5.0  was  used  
as  a  carrier  gas  with  a  constant  flow  of  1.3  mL/min.     The  oven  was  held  isothermal  at  
70ºC   for   5   minutes   before   ramping   with   4º/minute   to   335ºC,   where   it   was   held  
isothermal   for   9   minutes.   Ionization   was   achieved   by   electron   impact   at   70   eV   and  
250ºC,  with   an   emission   current   of   50   µμA.  Q1   and  Q3  were   each   operated   in   0.7  Da  
resolution  with  a  cycle   time  of  0.5  seconds.  Q2  was  operated  with  Argon  5.0  collision  
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gas  at  a  pressure  of  1.1  mTorr  and  varying  collision  voltages  depending  on   the   target  
analyte.   Compounds   were   quantified   relative   to   d4-­‐‑cholestane   without   correcting   for  
differential  response  factors.    
  
Compound-­‐‑specific  stable  carbon  isotope  analyses  of  extractable  PAH  at  U.  Bremen    
Compound-­‐‑specific   isotope   analyses   (CSIA)   were   performed   at   the   University   of  
Bremen  on  a  Thermo  Finnigan  MAT-­‐‑252  coupled  to  a  Thermo  Trace  GC  via  a  modified  
combustion  interface  using  Ni  wire  and  oxygen  trickle  flow  at  1000ºC.  Volumes  of  5  out  
of  25–50  µμL  (samples  dissolved  in  n-­‐‑hexane)  were  injected  on-­‐‑column  at  70ºC.  A  60  m  
DB-­‐‑5MS   capillary   column   0.32   mm   I.D.,   0.25   µμm   film   thickness)   linked   to   a   2   m  
deactivated  pre-­‐‑column  (0.53  µμm  I.D.)  was  used  with  a  constant   flow  (1.2  mL/min)  of  
Helium  5.0  as  a  carrier  gas.  The  oven  was  held  isothermally  for  5  minutes,  then  ramped  
to  230ºC  at  2.5º  C/minute,  to  300ºC  at  5ºC/minute  and  to  330ºC  at  15ºC/minute,  where  it  
was   held   isothermally   for   15   minutes.   Stable   carbon   isotope   ratios   were   determined  
relative   to   a   co-­‐‑injected  CO2   standard   that  was   cross-­‐‑calibrated   relative   to   a   reference  
mixture   of  n-­‐‑alkanes.  Data   are   presented   in   the   conventional   δ13C   notation   as   permil  
deviations  from  the  VPDB  standard.  The  reliability  of  small  chromatographic  peaks  was  
verified  down  to  an  intensity  of  ca.  30  mV  by  analyzing  increasingly  diluted  samples  of  
the   saturated   hydrocarbon   fraction   of   the  NSO-­‐‑1   geochemical   standard   (Oseberg   oil;  
Norwegian  Petroleum  Directorate).  Results  are  given  in  Table  S6.  
  
Preparation  and  analyses  of  2/1/002  
Sample  2/1/002,  representing  pyrobituminous  material  occurring  in  stylolitic  structures,  
was  worked   up   during   a   visit   to  ANU   immediately   after   the   drilling   campaign.   The  
sample   was   fragmented   into   smaller   portions   by   impact   of   a   hammer   after   being  
wrapped   in   combusted   aluminum   foil.   Individual   pieces   were   transferred   to   a   pre-­‐‑
combusted  mortar   and   powdered   with   a   pestle.   The   sample   was   extracted   twice   by  
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ultrasonic  agitation  in  DCM  and  concentrated  to  near  dryness  on  a  heating  block,  after  
which  it  was  resuspended  in  hexane  and  further  concentrated  to  fully  remove  remnant  
DCM.  No   removal   of   elemental   sulfur   or   column   chromatography  was   performed   to  
minimize  potential  for  contamination.  The  concentrated  sample  exhibited  a  faint  yellow  
hue  and  was  analyzed  in  full  scan  and  MRM  mode  on  a  Micromass  AutoSpec  Premier  
coupled  to  an  Agilent  6890  GC  at  ANU  using  the  same  parameters  described  in  section  
4.1.2.   The   sample   was   further   concentrated   and   subjected   to   GC-­‐‑irm-­‐‑MS   analysis   at  
Geoscience  Australia  using  the  same  parameters  described  in  section  4.1.3.  
  
H  and  C  elemental  analysis  
Elemental  proportions  of  hydrogen  and  carbon   in  kerogen  were  determined  on  dried  
kerogen  powders   after   digestion   of   the  mineral  matrix.  Aliquots   of   ca.   5   g   of   sample  
powder,   taken   from   core   exterior   portions,   were   wetted   with   methanol   and   treated  
twice   with   aqueous   HCl   (first   6N,   then   12N)   under   constant   stirring.   The   acid   was  
decanted  and  samples  were  rinsed  8–10x  with  Type-­‐‑1  ultrapure  water,  at  which  point  
the   pH-­‐‑value   of   the   water   (ca.   4.5)   remained   stable.   After   drying   and   gravimetric  
determination   of   carbonate   loss,   samples   were   powdered   with   a   Teflon   rod,   again  
wetted   with   methanol   and   treated   twice   with   aqueous   HF   (48   %)   under   constant  
stirring  for  >24  hours  each.  Supernatant  acid  was  decanted  and  the  digestion  residues  
were   rinsed   with   Type-­‐‑1   water   (10x).   After   drying   and   powdering,   kerogens   were  
analyzed  at   the  MPI-­‐‑BGC   in  a  Vario  EL   II   cube  CNHS  elemental  analyzer   (Elementar  
Analysensysteme)  by  TCD  detection  after  oxidation  of  the  kerogen  to  CO2  and  H2O  at  
1150ºC.  Sample  powders  were  additionally  dried  at  110ºC  over  night  and  subsequently  
weighed  with  a  WO3  catalyst,  first  into  silver  cups  (to  react  with  any  remnant  fluoride)  
and   then   into   secondary   tin   cups   (given   the   exothermal   reaction   of   Sn).  Helium  was  
used   as   a   carrier   gas,   spiked   with   an   O2   pulse   for   flash   combustion.   Oxygen   was  
eliminated   from   the   gas   stream   by   passing   through   active   copper   at   850ºC.   Remnant  
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halogens   were   trapped   on   silver   wool   and   any   persistently   remnant   fluoride   was  
trapped  on  magnesium  oxide.  Results  are  reported  in  Table  S5.  
  
Bulk  Organic  δ13C  analyses  
The  stable  carbon  isotope  ratios  of  macromolecular  organic  matter  were  determined  on  
unextracted  rock  powder  after   removal  of   carbonates  using  6N  and  12N  hydrochloric  
acid.  The  neutralized,  dried  and  homogenized  residues  were  weighed  into  tin  cups  and  
analyzed   after   online   combustion   to   CO2   in   an   in-­‐‑house   refurbished   and   modified  
Finnigan  MAT  Delta  C  prototype  isotope  ratio  monitoring  (irm)  MS,  coupled  to  a  Carlo  
Erba  EA-­‐‑1100  via  a  ConFlo  III  interface.  The  stable  carbon  isotopic  values  are  reported  
in   the   permil   notation   relative   to   VPDB,   after   calibration   by   the   NBS-­‐‑22   reference  
standard.  Results  are  reported  in  Table  S5.  
  
Macquarie  University  
Prior   to  AIDP   sample  preparation,   laboratory  hydrocarbon   contribution  was   assessed  
using   an   outcrop   sample   that   was   collected   from   a   basalt   lava   flow   of   the  Maddina  
Formation.  The  outcrop   samples  were   combusted   in   the   laboratory  at   400°C   for   three  
hours  before  being  used  for  laboratory  system  blanks.  The  blank  was  processed  by  the  
same  procedures  described  below  for  the  AIDP  samples.  After  the  blanks  were  assessed,  
five  biomarker  target  samples  from  AIDP-­‐‑2  and  AIDP-­‐‑3  were  examined  for  preserved  
hydrocarbons,   and   one   dolerite   sample   from   AIDP-­‐‑1   was   processed   as   a   negative  
control  sample  (Table  S4).    
  
Drill   cores  were   received   frozen   from   the  ANU/MIT   team   and   remained   frozen  until  
they   were   sawed.   The   samples   were  manipulated   through   aluminum   foil   and   never  
contacted  other  materials  except  for  a  clean  saw  blade  (BUEHLER,  BUE11-­‐‑4267;  178  mm  
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diameter;   0.6   mm   thickness)   and   Milli-­‐‑Q   water   that   was   used   for   cooling   and  
lubrication.  Aluminum   foil   and  glassware  were   combusted   at   400ºC   for   at   least   three  
hours   before   use.   The   saw   blade  was   combusted   twice   at   300ºC   for   three   hours   and  
sonicated   with   MeOH   and   DCM   several   times   to   eliminate   surface   contamination  
before  any  processing.  Between  each  sample,  the  saw  blade  was  sonicated  with  Milli-­‐‑Q  
water   (1x),  MeOH  (600  mL;  1x)  and  DCM  (600  mL;  2x),   and  200  mL  of   the   last  DCM  
solvent  rinse  was  analyzed  by  GC-­‐‑MS  to  measure  the  organic  residues.  During  sawing,  
the  Milli-­‐‑Q  water  was   not   recycled   but  went   directly   to   the  waste   after   a   single   use.  
Although  clear  signs  of  weathering  were  not  observed,  vibration  during  cutting  cracked  
some  samples,  indicating  the  presence  of  micro-­‐‑fractures.  A  few  millimeters  of  drill  core  
exterior  was   sawed  off   to  distinguish   indigenous  hydrocarbons   from  surficial  drilling  
and  experimental  contaminants.  The  interior  and  exterior  pieces  were  rinsed  separately  
with  Milli-­‐‑Q  water  (1x),  MeOH  (~100  mL;  1x),  and  DCM  (~100  mL;  2x).  The  interior  and  
exteriors  were  powdered   to  <  200  mesh  grain  size   in  a   ring-­‐‑mill   (Rocklab).  After  each  
sample,  the  ring  mill  was  scrubbed  with  a  metal  brush  and  rinsed  with  tap  water  (1x),  
MeOH  (30-­‐‑40  mL;  2x),  and  DCM  (30-­‐‑40  mL;  3x).  The  ring  mill  was  further  rinsed  with  
DCM  (30-­‐‑40  mL;  at   least  3x)  mechanically  using  a  milling  head.  The   last  solvent  rinse  
was  analyzed  by  GC-­‐‑MS  to  measure  the  organic  residues.  The  solvent  rinses  that  were  
analyzed   by  GC-­‐‑MS   to  measure   the   organic   residues   provided   a   qualitative   sense   of  
contamination,   rather   than   a   quantitative  measure   of   contamination,   because   solvent  
volumes  were  not  measured  and  constant.  Hydrocarbons  were  extracted  by  sonication  
with   9:1   (v:v)  DCM:MeOH.  Column   fractionation  was   not   performed   because   of   low  
abundances  and  potential  introduction  of  contamination.  The  extracted  organic  matter  
was   spiked  with   three   compounds   as   internal   standards   by   adding   1  mL   of   a   DCM  
solution   containing   about   50   ng   of   each:   anthracene-­‐‑d10   (98   atom   %D,   Isotec),   p-­‐‑
terphenyl-­‐‑d14   (98   atom   %D,   Isotec),   and   tetraeicosane-­‐‑d50   (98   atom   %D,   Isotec).   The  
volume  of  solvent  containing  the  extracted  organic  matter  was  further  reduced  on  a  hot  
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plate   at   60–70°C   under   a   gentle   nitrogen   flow,   until   approximately   50   µμL   remained.  
Desulfurisation  was  not  carried  out  except  for  sample  2/1/007  (291.28  m),  which  had  a  
large  amount  of  sulfur.  In  that  case,  5  g  of  activated  copper  particles  (metal  turnings,  TG,  
Chem-­‐‑Supply)  were   added   to   the   extracted   organic  matter   from   sample   2/1/007,   and  
stirred  for  a  few  minutes.  This  simple  procedure  was  enough  to  remove  most  sulfur  so  
that   reflux   of   the   solution   was   not   performed.   The   extracted   organic   matter   was  
analyzed  by  GC-­‐‑MS.  
  
Macquarie  GC/MS  analytical  conditions  
GC-­‐‑MS  analysis  was  carried  out  on  an  Agilent  GC  (6890N)  coupled  to  an  Agilent  Mass  
Selective  Detector  (5975B).  An  aliquot  of  1  µμL  of  the  50  µμL  solution  was  injected  into  a  
PTV  inlet  operating  in  splitless  mode  with  a  J&W  DB5  MS  column  (length  60  m,  inner  
diameter   0.25  mm,   film   thickness   0.25  µμm).   The   inlet  was   ramped   from   35°C   (3  min.  
isothermal)  to  310°C  (0.5  min.   isothermal)  at  a  rate  of  700°C/min.  Helium  was  used  as  
the   carrier   gas   (1.5  mL/min.),   and   the   temperature   of   the  GC  oven  was   ramped   from  
30°C  (2  min.   isothermal)   to  310°C  (30  min.   isothermal)  at  a   rate  of  4°C   /  min.  The  MS  
data  were  acquired  in  SIM  mode.  Semi-­‐‑quantitative  analyses  were  performed  using  the  
tetraeicosane-­‐‑d50   internal   standard   without   taking   into   account   response   factors.   The  
other   two   standards   were   used   to   check   sensitivity   and   reproducibility   of   the  
measurement,  but  were  not  used  for  the  quantification.    
  
In   order   to   analyze   for   small   concentrations   of   hopanes   and   steranes,   samples   were  
further  analyzed  by  either  a  Thermo  Trace  Ultra  GC  interfaced  with  a  high  resolution  
Thermo  DFS  GC-­‐‑MS  system  or  a  GC-­‐‑linked  Micromass  Autospec  Premier.  The  samples  
AIDP-­‐‑1/1/004-­‐‑186   m   and   AIDP-­‐‑3/1/005-­‐‑130.3   m   were   analyzed   by   the   Thermo   DFS  
instrument.   However,   the   DFS   instrument   experienced   a   technical   problem,   so   the  
samples  AIDP-­‐‑2/1/3-­‐‑146.2  m,  AIDP-­‐‑2/1/007-­‐‑291.28  m,  and  AIDP-­‐‑2/1/011-­‐‑327.42  m  were  
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analyzed  by  the  Autospec  in  the  Brocks  lab  at  ANU.    
  
In  the  DFS  measurements,  GC  separation  was  carried  out  on  a  J&W  DB-­‐‑5  MS  capillary  
column   (length   60  m,   inner   diameter   0.25  mm,   film   thickness   0.25   um).  Helium  was  
used  as  the  carrier  gas  (1.5  mL/min).  1  µμL  of  the  extracted  organic  matter  solution  was  
injected  into  an  inlet  operating  at  260°C  in  splitless  mode.  The  MS  was  tuned  to  1,000  
resolution   (electron   energy   70eV;   source   temperature   280°C).   The   oven   was   ramped  
from   40°C   (2   min   isothermal)   to   200°C   at   a   rate   of   4°C/min,   then   to   310°C   (30   min  
isothermal)  at  a  rate  of  2°C/min.  The  MS  data  were  acquired  in  SIM  mode.    
  
The  Autospec  measurements  were  carried  out  on  a  Micromass  AutoSpec  Premier  GC-­‐‑
MS  equipped  with  an  Agilent  6890  GC  and  a  J&W  DB5MS  capillary  column  (length  60  
m,   inner   diameter   0.25  mm,   film   thickness   0.25  µμm).  Helium  was   the   carrier   gas   (1.5  
mL/min).  1  µμL  of  the  extracted  organic  matter  solution  was  injected  into  a  PTV  injector  
in  splitless  mode.  The  injector  was  ramped  from  60°C  (2  min,  isothermal)  to  300°C.  The  
MS  source  was  operated  at  260°C  in  EI-­‐‑mode  at  70  eV  ionization  energy,  and  with  an  
acceleration  voltage  of  8000  V.  The  GC  oven  was  ramped  from  60°C  (4  min,  isothermal)  
to  315°C  (32.3  min  isothermal)  at  a  rate  of  4°C  /  min.  The  MS  data  were  acquired  in  SIM  
mode.    
  
The  concentration  of  biomarkers  obtained  by  the  DFS  measurements  were  scaled  to  fit  
the   Autospec   data,   by   comparing   the   peak   areas   of   the   internal   standard   in   the  
procedural   blank   obtained   by   the   DFS   and   the   Autospec.   The   procedural   blank  was  
measured  by  both  instruments  to  measure  the  scaling  factor  from  the  DFS  system  to  the  
Autospec  system.  Semi-­‐‑quantitative  analyses  were  performed  using  the  p-­‐‑terphenyl-­‐‑d14  
internal   standard,   not   taking   into   account   any   response   factors.   The   tetraeicosane-­‐‑d50  
was  not  used  due  to  its  low  m/z  value  relative  to  that  of  biomarkers.  
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University  of  California-­‐‑Riverside    
Laboratory  procedures  
Immediately   after   receiving   the   AIDP   core   samples,   the   glass   jars   holding   the   core  
halves  were   inspected  before  placing   them   in   the   freezer   for   storage.  Drill   cores  were  
kept  frozen  until  just  before  saw  cutting.  AIDP  sample  preparation  was  carried  out  with  
extreme  care  where  direct  handling  of  core  pieces  was  done  only  with  pre-­‐‑combusted  
aluminum   foil.   The   aluminum   foil   and   all   glassware  were   combusted   at   550°C   for   at  
least   six   hours.   Before   use,   the   glassware   was   further   cleaned   by   rinsing   twice   with  
methanol,   dichloromethane   and   hexane   solvents.   Sawing   of   core   portions   was  
performed  using  a  new  metal  bond  diamond  saw  blade,  which  was  rinsed  thoroughly  
with  Milli-­‐‑Q  water   (3x),  methanol   (3x),   dichloromethane   (3x)   and   hexane   (3x)   before  
each   sample   cutting   to   eliminate   surface   contamination.   The   Milli-­‐‑Q   water   that   was  
used  for  rinsing,  cooling,  and   lubrication  during  cutting  was  pre-­‐‑extracted  with  DCM  
(3x)  to  minimize  potential  organic  contamination.  The  last  DCM-­‐‑wash  was  collected  as  
a   laboratory   blank.   During   cutting,   the   Milli-­‐‑Q   water   was   changed   regularly.  
Approximately  3–5  mm   layer  of   the  exterior  of   each  drill   core   sample  was   sawed  off,  
leaving  an  interior  core  portion.  The  exterior  and  interior  portions  were  cut  into  smaller  
pieces.  The  surfaces  of  these  smaller  core  pieces  were  cleaned  by  ultrasonication  (three  
times)   for   two   minutes   using   sequential   solvents   rinses   with   methanol,  
dichloromethane  then  hexane,  before  being  placed  in  separate  pre-­‐‑combusted  glass  jars  
for  powdering.    
  
The   inner   and   outer   core   portions   were   powdered   separately   using   a   SPEX   8515  
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shatterbox  equipped  with  a  zirconia  puck  and  dish.  The  zirconia  puck  and  dish  were  
first   thoroughly  cleaned  by  sequentially   rinsing  with  methanol,  dichloromethane   then  
hexane   (3x   for  each  solvent).  The  mill  was   further  cleaned  by  powdering  at   least   four  
aliquots  of  pre-­‐‑combusted  (450oC)  quartz  sand.  The  last  aliquot  of  powdered  sand  was  
collected   as   a   sand   blank,   which   was   processed   through   all   of   the   same   subsequent  
laboratory   steps   as   for   the   AIDP   rock   powders.   The   inner   sample   portion   was  
powdered  first  followed  by  the  exterior  part  of  that  same  sample.    
  
Between   30–70   g   of   AIDP   rock   powders,   worked   up   alongside   combusted   sand  
powders  as  procedural  blank,  were  extracted  for  bitumens  by  Soxhlet  extraction  using  
pre-­‐‑extracted   cellulose   extraction   thimbles  with   an   azeotropic  solvent  mixture   of   93:7  
(v/v)  dichloromethane/methanol  for  48  hours.  The  extracts  were  carefully  dried  down  to  
near  dryness  at  ambient  temperature  in  a  fumehood  to  minimize  evaporation  of  volatile  
organics.   Pre-­‐‑cleaned   Cu   pellets   were   added   to   the   solvent   extracts   to   remove   any  
elemental   sulfur.   Pre-­‐‑extracted   rock   powders   were   retained   and   stored   in   pre-­‐‑
combusted   glass   jars   for   subsequent   hydropyrolysis   treatment   to   fragment   kerogen-­‐‑
bound  organic  constituents.  
  
Whole  rock  powders  from  UCR  were  analyzed  for  TOC  using  a  LECO  C230  instrument  
by  GeoMark  Research.  Leco  TOC  analysis  requires  decarbonation  of  the  rock  sample  by  
treatment  with  hydrochloric  acid  (HCl).  This   is  achieved  by  treating  the  samples  with  
concentrated  HCl(aq)   for   at   least   two  hours.   The   samples  were   then   rinsed  with  water  
and   flushed   through   a   filtration   apparatus   to   remove   the   acid.   The   filter   was   then  
removed,  placed  into  a  LECO  crucible  and  dried  in  a  low  temperature  oven  (110°C)  for  
a  minimum  of  4  hours.    Samples  were  also  weighed  after  this  process  in  order  to  obtain  
a   percent   carbonate   value   based   on   weight   loss.   The   LECO   C230   instrument   was  
calibrated   with   standards   having   known   carbon   contents.   This   was   completed   by  
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combustion   of   these   standards   by   heating   to   1200oC   in   the   presence   of   oxygen.  
Standards  were  analyzed  every  10  samples  to  check  the  variation  and  calibration  of  the  
analysis.  The   acceptable   standard  deviation   for  TOC   is   3%  variation   from  established  
value.  
  
UC  Riverside  Hydropyrolysis  (HyPy)  analytical  conditions  
Continuous-­‐‑flow   hydropyrolysis   experiments  were   typically   performed   on   1000–2000  
mg   of   pre-­‐‑extracted   sedimentary   rock   powders   or   kerogen   concentrate   powders,   as  
described  previously  (9).  The  isolation  of  kerogen  concentrates  for  three  carbonate-­‐‑rich  
samples   (2/1/001   inner,   2/1/003   inner   and   2/1/004   inner)   was   conducted   on   solvent-­‐‑
extracted   rock   residues   by   standard   hydrochloric   acid   (HCl)   extraction   procedures.  
Further  treatment  of  the  isolated  kerogens  involved  extraction  with  dichloromethane  to  
remove   any   residual   bitumen,   such   as   bitumen   2,   using   a   Microwave   Accelerated  
Reaction  System  (CEM  corp.)  with  dichloromethane  and  methanol  (9:1  v/v)  at  100ºC  for  
15   minutes.   For   the   other   five   samples   (2/1/007   outer,   2/1/010   inner,   2/1/011   outer,  
3/1/004  outer,  3/1/005  outer),  pre-­‐‑extracted  rock  powders  were  used.  
  
The   pre-­‐‑extracted   rock/kerogen   powders   were   heated   in   a   stainless   steel   (316   grade)  
reactor  tube  from  ambient  temperature  to  250oC  at  300  oC/min  then  to  520oC  at  8oC/min.  
A   hydrogen   sweep   gas   flow   of   6   dm3/min,   measured   at   ambient   temperature   and  
pressure,   through   the   reactor   bed   ensured   that   the   residence   times   of   generated  
volatiles  was  on  the  order  of  only  a  few  seconds.  Products  were  collected  in  a  silica  gel  
trap  cooled  with  dry  ice  and  adsorbed  products  were  separated  into  polarity  fractions  
using   silica   gel   adsorption   chromatography.   The   extracted   rock  powders   or   kerogens  
from   eight   different   AIDP   samples   were   subjected   to   HyPy   treatment,   with   three   of  
these  performed  in  duplicate  (Table  S10).  
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To  ensure  a  clean  system  for  HyPy,  at  least  one  cleaning  run  was  performed  before  each  
sample   run   whereby   the   apparatus   was   heated   to   520oC   using   a   rapid   heating   rate  
(300oC/min)   under   high   hydrogen   pressure   conditions.   This   included   the   steel   wool  
plug  used  to  support  the  sample  powder  in  the  optimum  position  in  the  heated  zone  of  
the   reactor   tube.   Experimental   blanks,   using   annealed   silica   gel   in   the   reactor   tube  
instead  of  a  sample,  were  regularly  performed  using  the  same  temperature  program  as  
for  core  samples  and  the  products  monitored  and  quantified  to  ensure  that  trace  organic  
contamination  levels  were  acceptably  low.    
  
UC  Riverside  GC/MS  analytical  conditions  
For  rock  bitumens  and  hydropyrolysates,  full  scan  GC-­‐‑MS  was  performed  over  a  mass  
range  of  50  to  600  Da  on  two  different  instruments.  Initial  screening  was  performed  on  
an   Agilent   5975C   inert   MSD  mass   spectrometer   interfaced   to   an   Agilent   7890A   GC,  
equipped  with   a   J&W  DB-­‐‑1MS   capillary   column   (60  m  x   0.32  mm,   0.25µμm   film).  The  
temperature   program   for   GC-­‐‑MS   full   scan   was   60ºC   (2   min),   ramped   to   150ºC   at  
20ºC/min,   then   to   325ºC   at   2ºC/min,   and   held   at   325ºC   for   20  min.   Quantification   of  
individual  PAH  and  n-­‐‑alkanes  was  performed  with  a  d14-­‐‑p-­‐‑terphenyl  internal  standard  
on   the  more  sensitive  Waters  AutoSpec  Premier  mass  spectrometer  equipped  with  an  
Agilent  7890A  gas  chromatograph  and  using  a   J&W  DB-­‐‑1MS  coated  capillary  column  
(60m  x  0.25  mm,  0.25µμm  film).  Samples  were  injected  in  splitless  mode  at  320oC  with  He  
as   carrier   gas.   The   oven   was   programmed   from   60ºC   (held   for   2   min)   to   150ºC   at  
6ºC/min   then   to   320ºC  @  4ºC/min   and  held   isothermal   at   the   final   temperature   for   30  
minutes.  The  source  was  operated  in  electron  ionization  (EI)  mode  at  70  eV  ionization  
energy  at  300ºC.  The  AutoSpec  full-­‐‑scan  rate  was  0.80  s/decade  over  a  mass  range  of  50  
to  600  Da  and  a  delay  of  0.20  s/decade.    
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Metastable  Reaction  Monitoring-­‐‑Gas  Chromatography-­‐‑Mass   Spectrometry   (MRM-­‐‑GC-­‐‑
MS)  was  conducted  with  a  Waters  AutoSpec  Premier  mass  spectrometer  equipped  with  
an  Agilent  7890A  gas  chromatograph  and  DB-­‐‑1MS  coated  capillary  column  (60m  x  0.25  
mm,   0.25µμm   film)   using   splitless   injection   and  He   for   carrier   gas   to   detect   polycyclic  
hydrocarbon   biomarkers,   particularly   tricyclic   terpanes,   steranes,   methylsteranes,  
hopanes  and  methylhopanes.  The  MRM  GC  temperature  program  used  for  compound  
separation  consisted  of  an   initial  hold  at  60ºC  for  2  min,  heating   to  150ºC  at  10ºC/min  
followed  by  heating  to  320ºC  at  3ºC/min,  and  a  final  hold  at  320ºC  for  22  min.  Biomarker  
compounds  were   identified   based   on   retention   time   and  published  mass   spectra   and  
quantified   in   MRM   GC-­‐‑MS   by   comparison   with   a   deuterated   C29   sterane   internal  
standard   (d4-­‐‑ααα-­‐‑24-­‐‑ethylcholestane   (20R),   Chiron   Laboratories,   AS),   assuming   equal  
response   factors   between   sample   compounds   and   the   internal   standard.   Individual  
yields   of   the   main   hopane   and   sterane   diastereoisomers   found   in   HyPy   laboratory  
procedural   blanks   were   typically   <20   pg   of   total   sterane   and   hopanes   per   gram   of  
combusted  silica  pyrolysed,  with   immature  C27  αααR  and/or  C29  αααR  steranes  being  
the   dominant   procedural   blank   polycyclic   compounds   and   the   hopane   series   usually  
found  below  detection  limits.  For  most  of  the  series  of  hopane  and  sterane  compounds,  
the   ‘blank’   reflects   the  detection   limit   of   the  mass   spectrometer   (baseline  noise   above  
which   a   peak   must   rise)   rather   than   the   identified   presence   of   a   compound   in   the  
procedural  sand  blank.  
  
Compound-­‐‑specific  stable  carbon  isotope  analyses  at  MIT  of  HyPy  products  
Compound  specific  carbon  isotopic  measurements  of  HyPy  products  were  made  by  gas  
chromatography/combustion/   isotope   ratio   mass   spectrometry   (GC-­‐‑C-­‐‑IRMS)   using   a  
Thermo  Finnigan  Delta  plus  XP  coupled   to  a  Thermo  Finnigan  Trace  GC  at  MIT.  The  
initial   oven   temperature   was   programmed   to   60°C   (held   for   2   minutes),   ramped   to  
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150°C  at  6°C/min,  and  then   to  320°C  at  4°C/min   (held   for  20.50  minutes).  All   samples  
were   bracketed   by   pulses   of   in   house   calibrated   reference   CO2   gas   and   Oztech  
calibrated   reference   CO2   gas.   A   standard   mix   of   n-­‐‑alkanes   (Mix   A;   Arndt  
Schimmelmann,   Indiana   University)   was   analyzed   at   the   beginning   and   end   of   the  
sample   sequence   and   after   every   sixth   sample   analysis   in   order   to   monitor   the  
instrument   condition.  The   root  mean   square   (RMS)  was  used   to   compare   the   isotopic  
composition   of   the   15   n-­‐‑alkanes   in   the   standard  mix   to   their   known   carbon   isotopic  
values.  The  RMS  ranged  from  0.3  to  0.1‰  for  the  six  analyses  of  the  n-­‐‑alkane  standard  
mix  that  were  performed  through  the  sample  sequence.  The  mean  value  and  standard  
deviation  of   the   triplicate  analyses  are   reported  here   in  permil   (‰)  relative   to  Vienna  




Most  of  the  results  are  presented  and  discussed  in  the  main  article,  but  some  supporting  
details  are  discussed  in  the  following  section.    
    
Extractable  hydrocarbon  results  
The  spikes  that  were  used  in  the  drilling  fluid  and  were  applied  to  the  Teflon  bags  were  
not  detected  in  the  total  lipid  extracts  that  were  analyzed  in  any  of  the  laboratories.  It  is  
possible  that  higher  spike  concentrations  needed  to  have  been  added  to  the  sump  water  
in  order  to  be  detected  on  sample  surfaces.  However,  another  possible  explanation  for  
the  inability  to  detect  the  spikes  in  the  rock  extracts  is  that  the  water  that  was  added  to  
the   sample   bag   outcompeted   the   spike   compounds   for   active   sites   on   the   sample  
surfaces,   thereby   preventing   their   detection   and   significant   surficial   hydrocarbon  
contamination  in  general.    
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Uni  Bremen  found  that  the  total  sterane  concentration  and  total  hopane  concentrations  
were   up   to   54.1   pg/g   rock   and   14.9   pg/g   rock,   respectively,   in   the   combusted   brick  
blank.  These  concentrations  are  comparable  to  the  total  hopane  (<  32.9  pg/g  rock)  and  
sterane   concentrations   (<   37.9)   that   ANU/MIT   found   in   their   blanks   (Table   1).  
Macquarie  measured  a  concentration  of  3.5  pg/g  rock  for  total  hopane  in  the  procedural  
blank   that   they   analyzed,   which   could   be   an   underestimation   of   laboratory  
contamination   due   to   linearity   and   response   problems   related   to   the   standard  
compound   class   and   comparatively   high   standard   concentration.   ANU/MIT   and  Uni  
Bremen   quantifications   were   based   on   deuterated   internal   standards,   d4-­‐‑C29-­‐‑ααα-­‐‑
ethylcholestane   and   d4-­‐‑C27-­‐‑ααR-­‐‑cholestane,   which   are   structurally   similar   and   had  
comparable  concentrations   to   the  hopane  and  sterane  analytes  of   interest   in   the  AIDP  
samples  and  blanks.  In  contrast,  Macquarie  quantified  the  hopanes  and  steranes  in  the  
AIDP  samples   and  blanks  using  a  deuterated  PAH,  p-­‐‑terphenyl-­‐‑d14,  with  a   total  mass  
that  was  2  orders  of  magnitude  greater  than  the  total  used  by  ANU/MIT  and  U.  Bremen  
(50   ng   compared   to   0.5   ng).   Regardless   of   analysis   and   quantification  method,   every  
laboratory   found   that   hopanes   and   steranes   were   often   at   or   below   detection   in   the  
AIDP   samples,   but   if   they   were   detectable   they   were   comparable   to   the   blank  
concentrations  measured  by  that  laboratory  (see  Table  1).  The  Macquarie  team  detected  
aliphatic   hydrocarbons   (n-­‐‑C14–35   alkanes,   monomethylalkanes,   i-­‐‑C13-­‐‑20   regular  
isoprenoids,   and   alkylcyclohexanes)   in   their   samples,   but   the   concentrations   were  
comparable   to   experimental   blanks   for   all   five   shale   samples   (0.01-­‐‑1.00   ng/g   sample).  
Furthermore,   these   compounds   were   not   detected   by   the   ANU/MIT   or   Uni   Bremen  
teams,  so  they  are  likely  laboratory-­‐‑specific  contaminants.    
  
All   laboratories   detected   a   suite   of   extractable   PAHs   and   diamondoids.   Extractable  
PAH  and  diamondoid  ratios  and  calculated  vitrinite  reflectances  (Rc)  are  given  in  Tables  
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S8  and  S9,   respectively.  All   laboratories   found   that  PAHs  exceeded   laboratory  blanks  
(where   they  were   typically  below  detection)  and  had  ng/g  rock  concentrations,  where  
low   molecular   weight   non-­‐‑alkylated   PAHs   were   the   most   abundant   detected  
compounds   in   the   rock   extracts   (Fig.   S1   and   S2).   In   general,   the   calculated   vitrinite  
reflectances  (Rc)  estimated  from  the  MAI  and  MDI  diamondoid  ratios  were  lower  than  
those  estimated  according  to  the  MPI-­‐‑1  PAH  ratio  (Table  S9).  The  PAH  and  diamondoid  
ratios   and  Rc   values   for   the   Jeerinah   Formation   sample   are  more   variable   than   those  
calculated   for   the   Carawine   Dolomite   (Table   S8   and   S9)   because   the   low   PAH  
concentrations   and   small   peak   size   in   the   Jeerinah   Formation   samples   affected   the  
accuracy  of  peak  integrations.    
  
HyPy  results  
Individual  PAHs,  such  as  phenenthrene  and  pyrene,  were  detected  in  HyPy  blanks  at  
concentrations   below   1   ng/g   combusted   sand,   and  n-­‐‑alkanes   (in   the   C14-­‐‑20   range)   had  
concentrations   typically   below   <10   ng/g   sand   in   the   sand   blank.   These   blank  
concentrations   are   1–2   orders   of   magnitude   lower   than   the   major   analytes   reported  
from   Archean   rock   hydropyrolysates   (Table   S10).   The   2/1/001   and   2/1/004   Carawine  
Dolomites   generated   higher   yields   of   pyrolysate   and   yielded   less   mature   and   more  
diverse   product   profiles,   including   a   series   of   aliphatic   hydrocarbons   (Figure   S3)  
comprising  a  mature  distribution  of  C12-­‐‑20  n-­‐‑alkanes,  methylalkanes,  alkylcyclohexanes,  
diamondoids  and  other  compound  classes.  The  product  distributions  from  2/1/001  and  
2/1/004  were   fairly   similar   to   those   reported   from  HyPy  of   3.4  Ga   Strelley  Pool   chert  
kerogens   (10)   (Table   S10).   The   PAH   profiles   from   the   pre-­‐‑extracted   2.7   Ga   Jeerinah  
Formation   black   shales,   dominated   by   pyrene,   phenanthrene   and   other   unsubstitited  
(parent)   PAH,   were   similar   to   those   generated   previously   for   Archean   black   shale  
kerogens   from  the  2.5  Ga  Hamersley  Group  of   the  Pilbara  Craton   (11).  One  exception  
was   the   2/1/003  Carawine  Dolomite   kerogen   that   produced   high   yields   of   pyrolysate  
 75 
but   a   more   mature   distribution   of   PAH   than   the   other   two   carbonates   found  
stratigraphically   above   and   below   this,   but   this   is   consistent  with   the   2/1/003   sample  
containing  organic  matter  with  the  lowest  atomic  H/C  ratio  of  the  Carawine  Dolomite  
samples   that  were  pyrolysed   (Table  S5).  This  was   likely  due   to   the  effects  of  different  
mineral   compositions  and  differential  heating  on   the  extent  of   aromatization,   thermal  
cracking   of   alkyl   chains   and   other   maturation   reactions   because   mineral   matter  
composition,   particularly   the   abundance   and   speciation   of   clays,   exerts   a   strong  
influence   on   organic   matter   maturation   for   overmature   samples.   Evidently,   rocks  
containing   low   clay   abundances   preserve   less   metamorphosed   and   less   recalcitrant  
sedimentary  organic  matter  where  lithofacies  with  significant  carbonate  or  chert  content  
attenuate  the  catalytic  effect  of  acidic  clay  minerals  in  shales  (10).    
  
2.4.6  Ratio  Definitions  
Diamondoid  Ratios:  
MAI=  1-­‐‑Methyl  Adamantane/(1-­‐‑Methyl  Adamantane  +2-­‐‑Methyl  Adamantane)  
MDI=  4-­‐‑Methyl  Diamantane/(1-­‐‑Methyl  Diamantane+3-­‐‑Methyl  Diamantane+4-­‐‑Methyl  
Diamantane)  
PAH  Ratios:  
MNR=  2-­‐‑Methyl  Naphthalene/1-­‐‑Methyl  Naphthalene  
MPI-­‐‑1=1.5*(2-­‐‑MeP+3-­‐‑MeP)/(P+1-­‐‑MeP+9-­‐‑MeP)    
MDF=(3-­‐‑MeP+2-­‐‑MeP)/(3-­‐‑MeP+2-­‐‑MeP+1-­‐‑MeP+9-­‐‑MeP)  
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Figure  S1.  PAH  and  diamondoid  quantification   for  ANU/MIT  Laboratory  Analysis.  
The   interior   and   exteriors   show   similar   concentrations.   Non-­‐‑methylated   PAHs   and  
diamondoids   are   more   abundant   than   their   corresponding   methylated   compounds.  
Low  molecular  weight  PAHs  are  more  abundant  compared  to  higher  molecular  weight  
PAHs.   Compounds   are   abbreviated   accordingly:   Tetra=tetralin;   Naph=naphthalene;  
BiPh=biphenyl;   Fluo=fluorene;   DBT=dibenzothiophene;   Phen=phenanthrene;  
Anth=anthracene;   2-­‐‑PN=2-­‐‑phenylnaphthalene;   FlAn=fluoranthene;   Pyr=pyrene,  
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Fig.  S2.  Multi-­‐‑Laboratory  Reproducibility  of  PAH  and  Diamondoid  Ratios.  Molecular  
ratios   compare   well   between   laboratories,   both   for   core   interior   and   exterior   sample  
pieces.  The  column  noted  with  an  asterisk  was  truncated  due  to  an  anomalously  high  
value  of  203  that  put  it  off  the  scale.  Ratios  are  defined  in  the  SI  and  the  abbreviations  
are   as   follows:   MAI=Methyl   Adamantane   Index,   MDI=Methyl   Diamantane   Index;  
MNR=Methyl   Naphthalene   Ratio;   9-­‐‑MP/1-­‐‑MP=9-­‐‑Methyl   Phenanthrene/1-­‐‑Methyl  
Phenanthrene;   2-­‐‑MP/1-­‐‑MP=2-­‐‑Methyl   Phenanthrene/1-­‐‑Methyl   Phenanthrene;   DBT/P=  
Dibenzothiophene/Phenanthrene;   Fluo/P=Fluorene/Phenenthrene;   MPI-­‐‑
1=Methylphenanthrene  Index;  MPDF=  Methylphenanthrene  distribution  factor;  N/MN=  
Naphthalene/Methyl   Naphthalenes;   P/MP=   Phenanthrene/Methyl   Phenanthrenes;  




























































Fig  S3.    HyPy  total  ion  current  (TIC)  chromatogram  of  AIDP-­‐‑2/1/001-­‐‑116.09m  aliphatic  
hydrocarbons   generated   from   the   kerogen   concentrate.   The  n-­‐‑alkanes   are   labeled   for  
reference,  and  the  δ13C  values  for  C15-­‐‑C18  n-­‐‑alkanes  for  this  sample,  which  are  reported  
in   Table   S7,   are   denoted   in   red.  Other   abundant   alkane   compound   series   detected  
include  methylalkanes,  alkylcyclohexanes  and  diamondoids.  
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Table  S1.  ANU/MIT  sample  description  and  distribution  










1/1/004 186.00 AIDP-1 Coucal Fm. Massive chlorite-plagioclase-actinolite 
metadolerite (negative control) 
Macq. Uni    
2/1/001 116.09 AIDP-2 Carawine Fm. Wavey-laminated grey-black fine-grained 
dolarenite with pyrobituminous stylolites 
U. Bremen  Yes  
2/1/002 133.55 AIDP-2 Carawine Fm. pyrobitumen styolite ANU/U. 
Bremen 
   
2/1/003 146.20 AIDP-2 Carawine Fm. Interlayered fine-grained dolarenite and black 
kerogenous dolosiltite 
ANU/MIT Macq. Uni Yes  
2/1/004 170.40 AIDP-2 Carawine Fm. Interlayered coarse- and fine-grained dolarenite ANU/MIT U. Bremen Yes  
2/1/005 197.20 AIDP-2 Carawine Fm. Interlayered fine-grained dolarenite and black 
kerogenous dolosiltite 
ANU/MIT Macq. Uni   
2/1/007 291.28 AIDP-2 Jeerinah Fm. Plane-laminated black kerogenous marly 
mudstone with 1% disseminated pyrite 
ANU/MIT Macq. Uni, 
U. Bremen 
Yes  
2/1/008 301.40 AIDP-2 Jeerinah Fm. Massive black kerogenous shale with 1% 
disseminated pyrite 
ANU/MIT U. Bremen   
2/1/010 322.82 AIDP-2 Jeerinah Fm. Massive black kerogenous shale with 5% pyrite 
nodules 
U. Bremen  Yes  
2/1/011 327.42 AIDP-2 Jeerinah Fm. Massive black kerogenous shale with 5% pyrite 
nodules 
ANU/MIT Macq. Uni Yes  
2/1/012 325.48 AIDP-2 Jeerinah Fm. Massive black kerogenous shale with 5% pyrite 
nodules 
ANU/MIT    
2/1/014 349.00 AIDP-2 Jeerinah Fm. chert (negative control) U. Bremen    
2/1/016 441.00 AIDP-2 Jeerinah Fm. Massive basalt with 1% amygdales (negative 
control) 
ANU/MIT    
3/1/004 98.36 AIDP-3 Jeerinah Fm. Massive black kerogenous mudstone and grey 
chert 
ANU/MIT  Yes  
3/1/005 130.30 AIDP-3 Jeerinah Fm. Massive black kerogenous mudstone with 1% 
pyrite nodules 





Table  S2.  ANU/MIT  sample  preparation  





Round 1      
 Brick Blank Nov. n/a 24.3 n/a n/a 
 2/1/016 441.00 24.7 28.1 14.4 
 2/1/007 291.28 14.9 36.9 25.9 
 2/1/003 146.2 17.0 19.1 19.8 
 3/1/005 130.30 n/a 19.8 12.3 
Round 2      
 Brick blank Jan. n/a 27.7 n/a n/a 
 3/1/004 98.36 11.2 25.3 17.8 
 2/1/008 301.40 10.0 25.5 13.0 
 2/1/011  327.42 11.1 22.3 15.5 
 2/1/005  197.20 6.3 29.7 23.1 
 RHDH2A Sand blank  130.2-130.4a 17.11 31.12  
 RHDH2A cut surface 1 130.2-130.4a   25.38 
 RHDH2A cut surface 2 130.2-130.4a   29.37 
 RHDH2A rounded 130.2-130.4a   31.24 
Round 3      
 Brick blank July n/a 21.64 n/a n/a 
 2/1/012   325.48 6.69 23.0 24.5 
 2/1/004  170.40 6.32 30.7 28.9 
a These depths correspond to the RHDH-2A stratigraphy, which is offset from the AIDP-2 






Table  S3.  U.  Bremen  Sample  Preparation  
Sample ID Depth (m) Extracted exterior (g) 
Extracted 
interior (g) 
Brick blank n/a 8.17 8.17 
2/1/014 349.00 8.11 8.06 
2/1/010 322.82 8.23 8.04 
2/1/008 301.40 8.10 8.35 
2/1/007 291.28 8.04 8.11 
2/1/004 170.40 8.32 8.31 
2/1/001 116.09 8.34 8.33 
 
 
Table  S4.  Macquarie  Sample  Preparation  
Sample ID Depth (m) Extracted exterior (g) 
Extracted 
interior (g) 
1/1/004 186.00 61.8 28.3 
3/1/005 130.30 34.5 51.7 
2/1/003 146.20 51.4 40.4 
2/1/005 197.20 131.5 62.7 
2/1/011 327.42 49.2 23.2 






























2/1/001 0.4e  -43.1  90.7 7.6 0.54 
2/1/002 3.2f  -32.4f     
2/1/003 1.6 -43.1 ± 0.2  -43.3 69.4 67.8 11.0 0.24 
2/1/004 1.3 -45.8 ± 0.6 -47.1 78.7 81.9 14.7 0.46 
2/1/005 1.5 -49.7 ± 0.3 -49.9 40.9 29.1 6.8 0.35 
2/1/007 6.7 -48.1 ± 0.7 -48.8 11.0 12.8 28.6 0.23 
2/1/008g 5.4 -42.1 -42.2 11.6 11.3 15.6 0.4 
2/1/010 5.8e  -43.6  4.9 38.1 0.19 
2/1/011 4.2 -43.6 ± 0.7 -44.4 2.0 8.8 42.8 0.24 
2/1/012 3.7 -44.5 ± 0.2 -44.8 3.1 6.3 23.8 0.25 
3/1/004 2.8 -41.7 -42.0 2.1 5.3 n/a 0.44 
3/1/005 3.4 -41.4 ± 0.1 -41.9 3.5 12.8 28.9 0.24 
a Reported against VPDB 
b Loss upon digestion with HCl 
c Loss upon digestion with HF 
d Atomic H/C ratios are calculated from the elemental composition as (11.92 * %H) / %C 
e TOC measurements made on 2/1/001 and 2/1/010 interior rock powders from UCR were analyzed by 
standard methods using a LECO C230 instrument at GeoMark Research 
f Measured at ANU by Uni Bremen 
g 2/1/8 was not measured in duplicate due to an autosampler error  
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 δ13C  δ13C δ13C sd δ13C sd δ13C sd δ13C sd 
Tetralin     -30.3 0.1     
Naphthalene     -30.0 0.1     
Methyltetrahydronaphthalene     -31.2 0.1     
Methyltetrahydronaphthalene+ 
2-methylnaphthalene     -30.2 0.1     
1-methylnaphthalene     -29.3 0.1     
Biphenyl  -33.1   -33.8 0.1 -33.3 0.1 -34.3 0.4 
3-Methylbiphenyl  -31.2   -33.3 0.2 -32.2 0.5   
4-Methylbiphenyl     -33.4 0.2     
Fluorene  -32.3     -29.7 1.4 -26.0 0.2 
Octahydrophenanthrene/ 





    -33.7 0.3     
Tetrahydrophenanthrene/ 
Tetrahydroanthracene + DBT     -30.8 0.3 -27.5 0.1   
Phenanthrene -36.9 -32.6 -34.2 0.1 -35.5 0.1 -35.6 0.1 -36.2 0.1 
Methyltetrahydrophenanthrene/
methyltetrahydroanthracene       -26.5    
Methyltetrahydrophenanthrene/
methyltetrahydroanthracene     -29.6 0.2     
Phenyltetralin     -33.6 0.1 -33.6 0.2   
2-Phenylnaphthalene -33.9 -33.2   -32.8 0.1 -31.7 0.9   
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Tetrahydrobenzanthracene     -34.0 0.1 -32.2    
Fluoranthene -33.4          
Pyrene -36.4          
p-Terphenyl -35.2          
Benzo[a]pyrene -30.1          
242 Da unidentified PAH  -31.7          
Benzo-Naphtho-Thiophene  -41.3          
Benz[a]anthracene  -40.5          
Benz[k]fluoranthene -38.9          




Table  S7.  Compound  Specific  δ13C  Analysis  of  HyPy  products  generated  from  kerogens/extracted  rocksa  
 2/1/001 2/1/003 2/1/004b 2/1/007 2/1/011 
 δ13C sd δ13C sd δ13C sd δ13C sd δ13C sd 
Dihydropyrene (204 Da)+ Fluoranthene (202 Da)   -43.7 0.7   -45.9 1.0 -43.2 0.9 
Pyrene -43.6 0.5 -43.7 0.2 -45.4 0.6 -45.3 0.8 -42.6 0.5 
Me-Pyrene  -43.1 1.1   -45.1 0.5     
Unidentified 242 Da PAH -44.9 1.0   -45.2 0.1     
Benzo(ghi)perylene -44.4 0.2         
C15 n-alkane -43.6 0.2         
C16 n-alkane -40.2 0.3         
C17 n-alkane -39.9 0.8         
C18 n-alkane -38.1 0.2         
a All values reported in ‰ in reference to VPDB 
b Based on duplicate measurements due to an analytical error in the triplicate measurement for this sample 
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N/MN MNR BP/MBP Fl/MFl 
2/1/001 Int. U. Bremen 0.01 0.49 0.94 0.59 0.51 0.00 81.9 1.52 1.29 25.0 2.34 64.1  
 Ext.    U. Bremen 0.01 0.49 0.92 0.62 0.55 0.00 64.2 1.53 1.30 15.5 1.98 77.6  
2/1/002 n/a ANU/U. Br 0.09 0.66 0.89 0.60 0.12 0.31 10.3 1.91 3.00 3.38 3.18 6.46 7.80 
2/1/003 Int. ANU/MIT 0.04 0.55 0.86 0.40 0.09 0.22 20.2 1.50 1.50 12.5 3.22 16.0 3.38 
 Ext.    ANU/MIT 0.04 0.57 0.88 0.46 0.10 0.34 21.1 1.50 1.50 9.51 2.87 20.4 4.82 
 Int. Macq. U 0.02 0.55 0.90 0.54  0.85 29.6 1.73 1.44 13.7 2.70 19.8 8.46 
 Ext.    Macq. U 0.02 0.55 0.89 0.55  1.03 28.4 1.77 1.40 15.9 2.70 21.9 8.47 
2/1/004 Int. U. Bremen 0.11 0.68 0.87 0.42 0.19 0.15 8.79 0.67 2.02 1.60 3.16 3.08  
 Ext.    U. Bremen 0.06 0.67 0.88 0.45 0.11 0.08 17.5 0.71 2.00 2.58 3.57 203  
 Int. ANU/MIT 0.15 0.71 0.83 0.43 0.08 0.12 7.00 0.73 2.58 3.54 4.09 5.39 3.11 
 Ext.    ANU/MIT 0.19 0.72 0.75 0.40 0.07 0.10 5.40 0.73 2.71 1.94 3.79 3.66 2.66 
2/1/005 Int. ANU/MIT 0.15 0.65 na na 0.48 0.95 6.30 1.33 2.50 1.43 2.83 7.70 4.51 
 Ext.    ANU/MIT 0.19 0.64 0.81 na 0.48 0.86 4.70 1.50 2.50 4.83 3.33 12.9 3.35 
 Int. Macq. U 0.09 0.61 0.87 0.44  3.34 6.94 1.14 1.61 4.61 3.20 12.0 6.75 
 Ext.    Macq. U 0.08 0.61 0.87 0.46  2.42 7.96 1.43 1.80 5.01 3.42 13.0 5.83 
2/1/007 Int. U. Bremen 0.21 0.74 na na 0.45 2.86 4.99 1.15 2.59 1.23 6.55 2.76  
 Ext.    U. Bremen 0.07 1.00 na 0.09 0.45 1.86 21.1 zero zero 1.28 6.22 3.53  
 Int. Macq. U 0.68 0.63 0.77 0.49  4.45 0.72 1.04 1.77 1.02 5.96 1.27 1.43 
 Ext.    Macq. U   1.00 0.39  3.99    0.98 7.22 1.40 1.41 
2/1/008 Int. U. Bremen 0.22 0.69 na 0.04 0.49 2.46 4.34 1.11 2.05 1.53 5.23 4.01  
 Ext.    U. Bremen 0.26 0.71 na 0.11 4.11 1.66 3.88 1.14 2.32 1.14 5.83 2.71  
 Int. Macq. U     0.40 1.10    0.71 10.4   
 Ext.    Macq. U     0.33 0.83    0.75 8.00   
2/1/010 Int. U. Bremen 0.22 0.73 0.81 0.05 0.58 1.46 4.66 1.13 2.57 1.89 5.18 3.80  
 Ext.    U. Bremen 0.01 0.64   0.38 0.05 134 1.27 1.84 1.22 5.52 18.6  
2/1/011 Int. ANU/MIT     0.43 1.14    9.75 4.00   
 Ext.    ANU/MIT     0.43 1.00    9.40 1.50   
 Int. U. Bremen 0.28 0.59 0.76 0.62  9.78 1.88 1.10 1.37 0.82 6.52 1.51 2.09 




Table  S9.  Calculated  Vitrinite  Reflectance  (%  Rc)  
Sample Interior/
Exterior 
Lab. Rc (MPI-1)a Rc (MAI)b Rc (MDI)c 
2/1/001 Int. U.Bremen 3.00 1.98 1.84 
 Ext.    U.Bremen 2.99 1.94 1.91 
2/1/002 n/a ANU/ 
U.Bremen 
2.95 1.88 1.86 
2/1/003 Int. ANU/MIT 2.98 1.82 1.40 
 Ext.    ANU/MIT 2.98 1.86 1.54 
 Int. Macq. U 2.99 1.90 1.72 
 Ext.    Macq. U 2.99 1.88 1.75 
2/1/004 Int. U.Bremen 2.94 1.85 1.45 
 Ext.    U.Bremen 2.97 1.86 1.51 
 Int. ANU/MIT 2.92 1.76 1.47 
 Ext.    ANU/MIT 2.90 1.60 1.40 
2/1/005 Int. ANU/MIT 2.92   
 Ext.    ANU/MIT 2.90 1.72  
 Int. Macq. U 2.95 1.84 1.49 
 Ext.    Macq. U 2.96 1.84 1.54 
2/1/007 Int. U.Bremen 2.88   
 Ext.    U.Bremen 2.96  0.69 
 Int. Macq. U 2.63 1.64 1.61 
 Ext.    Macq. U  2.10 1.38 
2/1/008 Int. U.Bremen 2.88  0.59 
 Ext.    U.Bremen 2.86  0.75 
 Int. Macq. U    
 Ext.    Macq. U    
2/1/010 Int. U.Bremen 2.88 1.72 0.61 
 Ext.    U.Bremen 3.00   
2/1/011 Int. ANU/MIT    
 Ext.    ANU/MIT    
 Int. Macq. U 2.85 1.62 1.91 
 Ext.    Macq. U    
Rc conversion references: Rc (MPI-1)a (12), Rc (MAI)b (13), Rc (MDI)c (13). 
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P (ng/g)a Py (ng/g)a ∑MP/Pb ∑MePy/Pyc n-alkanes 
(ng/g)d 
2/1/001 Int.  #1 2.002 117 484 1.20 0.55 332 
 Int.  #2 2.001 105 360 1.26 0.76 206 
2/1/003 Int.  #1. 1.288 36 310 0.46 0.10 <10 
 Int.  #2 1.372 18 275 0.42 0.08 20 
2/1/004 Int.  #1 2.003 428 1039 1.06 0.41 166 
 Int.  #2 2.005 357 825 0.97 0.47 142 
2/1/007 Ext. 1.611 68 350 0.32 0.09 n.d. 
2/1/010 Int. 2.001 3 18 n.d. 0.06 <10 
2/1/011 Ext. 1.519 180a 813e 0.26 0.09 n.d. 
3/1/004 Ext. 1.519 34 111 0.45 0.14 33 
3/1/005 Ext. 1.995 3 28 n.d. 0.10 <10 
Sand bl. #1 1.874 <1 <1 n.d. n.d. <10 
Sand bl. #2 1.677 <1 <1 n.d. n.d. <10 
        
 
a Yields of phenanthrene (P) and pyrene (Py) calculated using molecular ion peak areas (178 Da for P; 
202 Da for Py) relative to d14-p-terphenyl standard (244 Da) and normalized to unit mass of initial 
rock pyrolysed. Errors in analyte yields are estimated as ±50% due to low pyrolysate yield associated 
with overmature rocks. 
b Ratio of [(sum of the methylphentherenes)/phenthrene] using appropriate integrated peak areas in 192 
Da ion chromatograms for MP and 178 Da ion chromatograms for P, respectively. 
c Ratio of [(sum of the methylpyrenes)/pyrene] using appropriate integrated peak areas in 216 Da for MPy 
and 202 Da ion chromatograms for Py, respectively. 
d Absolute yields of C12-C20 n-alkanes. Yields are likely significantly underestimated for these volatile 
analytes.  
e  HyPy run was terminated at 550oC rather than 520oC, which explains the high P and Py yields 
NB: Samples 2/1/001, 2/1/003 and 2/1/004 were pyrolysed as kerogen concentrates following HCl 
treatment for carbonate dissolution (see section 2.4.4). The others were ran as extracted rock powders 
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A   comprehensive   organic   geochemical   investigation   of   the   Hawsker   Bottoms  
outcrop  section  in  Yorkshire,  England  has  provided  new  insights  about  environmental  
conditions   leading   into   and   during   the   Toarcian   oceanic   anoxic   event   (T-­‐‑OAE;   ~183  
Ma).   Rock-­‐‑Eval   and   molecular   analyses   demonstrate   that   the   section   is   uniformly  
within   the   early   oil   window.   Hydrogen   index   (HI),   organic   petrography,   polycyclic  
aromatic  hydrocarbon  (PAH)  distributions,  and  tricyclic  terpane  ratios  mark  a  shift  to  a  
lower   relative   abundance   of   terrigenous   organic   matter   supplied   to   the   sampling  
locality  during  the  onset  of  the  T-­‐‑OAE  and  across  a  lithological  transition.  Unlike  other  
ancient  intervals  of  anoxia  and  extinction,  biomarker  indices  of  planktonic  community  
structure  do  not  display  major  changes  or  anomalous  values.  Depositional  environment  
and  redox  indicators  support  a  shift  towards  more  reducing  conditions  in  the  sediment  
porewaters  and  the  development  of  a  seasonally  stratified  water  column  during  the  T-­‐‑
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OAE.   In  addition   to   carotenoid  biomarkers   for  green   sulfur  bacteria   (GSB),  we   report  
the   first   occurrence   of   okenane,   a   marker   of   purple   sulfur   bacteria   (PSB),   in   marine  
samples  younger  than  ~1.64  Ga.    Based  on  modern  observations,  a  planktonic  source  of  
okenane’s   precursor,   okenone,   would   require   extremely   shallow   photic   zone   euxinia  
(PZE)   and   a   highly   restricted   depositional   environment.   However,   due   to   coastal  
vertical  mixing,   the   lack  of  planktonic  okenone  production   in  modern  marine   sulfidic  
environments,   and   building   evidence   of   okenone   production   in   mat-­‐‑dwelling  
Chromatiaceae,  we  propose  a  sedimentary  source  of  okenone  as  an  alternative.  Lastly,  
we   report   the   first   parallel   compound-­‐‑specific   δ13C   record   in  marine-­‐‑   and   terrestrial-­‐‑
derived  biomarkers  across  the  T-­‐‑OAE.  The  δ13C  records  of  short-­‐‑chain  n-­‐‑alkanes,  acyclic  
isoprenoids,   and   long-­‐‑chain   n-­‐‑alkanes   all   encode   negative   carbon   isotope   excursions  
(CIEs),  and  together,  they  support  an  injection  of  isotopically  light  carbon  that  impacted  
both  the  atmospheric  and  marine  carbon  reservoirs.  To  date,  molecular  δ13C  records  of  
the  T-­‐‑OAE  display  a  negative  CIE   that   is   smaller   in  magnitude  compared   to   the  bulk  
organic  δ13C  excursion.  Although  multiple  mechanisms  could  explain  this  observation,  
our   molecular,   petrographic,   and   Rock-­‐‑Eval   data   suggest   that   variable   mixing   of  
terrigenous  and  marine  organic  matter  is  an  important  factor  affecting  the  bulk  organic  
δ13C  records  of  the  T-­‐‑OAE.    
  
Keywords:   Toarcian   oceanic   anoxic   event;   lipid   biomarkers;   okenane;   photic   zone  




Several   transient   episodes  of   enhanced  deposition  and  preservation  of  organic-­‐‑
rich  sediments  punctuated  the  Mesozoic  Era.  A  combination  of  factors  may  have  caused  
these   intervals,   known   as   oceanic   anoxic   events   (OAEs),   including   greenhouse  
conditions   and   enhanced   marine   productivity   (e.g.   Schlanger   and   Jenkyns,   1976;  
Jenkyns,  1980;  1988;  2010;  Trabucho-­‐‑Alexandre  et  al.,  2010).  The  first  Mesozoic  OAE  was  
the  Early  Jurassic  Toarcian  OAE  (T-­‐‑OAE;  ~183  Ma),  which  was  associated  with  elevated  
extinction   rates,   enhanced   weathering   rates,   warm   temperatures,   ocean   acidification,  
and  a  negative  carbon  isotope  excursion  (CIE)  (Hesselbo  et  al.,  2000;  Cohen  et  al.,  2004;  
Bambach,  2006;  Hesselbo  et  al.,  2007;  Jenkyns,  2010;  Kiessling  and  Simpson,  2011).  The  
duration   of   the   T-­‐‑OAE   is   not   precisely   known   but   may   have   lasted   on   the   order   of  
several  hundred  thousand  years  (Kemp  et  al.,  2005;  Suan  et  al.,  2008;  Kemp  et  al.,  2011).  
The   Karoo   and   Ferrar   igneous   provinces,   which   erupted   at   183   ±   1   Ma,   may   have  
coincided  with  the  Pliensbachian-­‐‑Toarcian  extinction  (Pálfy  and  Smith,  2000;  Courtillot  
and  Renne,   2003).  However,   better   radiometric   dating   of   the   volcanism  and  OAE  are  
required   to   confidently   link   these   two   events.   Although   multiple   mechanisms   have  
been   proposed   to   account   for   the   Toarcian   negative   CIE,   including  methane   hydrate  
dissociation,   upwelling   of   isotopically   light   waters,   thermogenic   release   of   methane,  
and  biomass  burning  (Hesselbo  et  al.,  2000;  Schouten  et  al.,  2000;  McElwain  et  al.,  2005;  
van  de  Schootbrugge  et  al.,  2005;  Finkelstein  et  al.,  2006),  the  source  of  the  isotopically  
light  carbon  remains  unclear.  
The  analysis  of  sedimentary  organic  matter  provides  the  opportunity  to  evaluate  
environmental   and   ecological   responses   to   carbon   cycle   perturbations,   as   well   as  
potentially   constraining   the   perturbation   itself.   Previous   organic   geochemical   work  
across  the  T-­‐‑OAE  has  indicated  changes  in  planktonic  community  structure  and  redox  
chemistry,  particularly  the  development  of  photic  zone  euxinia  (PZE)  (e.g.  Farrimond  et  
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al.,   1989;  1994;  Schouten  et  al.,   2000;  Pancost   et   al.,   2004;  Schwark  and  Frimmel,   2004;  
Bowden   et   al.,   2006;   van   Breugel   et   al.,   2006).  However,   since   biomarker   records   can  
reflect   local   responses,   additional   comprehensive   organic   geochemical   studies   from  
multiple   locations   are   required   to   build   a   global   perspective   of   ecological   and  
environmental   change   associated  with   the   T-­‐‑OAE.  Here,  we   investigate   the   temporal  
variation   of   lipid   biomarkers,   Rock-­‐‑Eval   data,   organic   petrography,   and   compound-­‐‑
specific  carbon  isotopes  from  the  Lower  Jurassic  section  at  Hawsker  Bottoms,  Yorkshire,  
England.      
  
3.2 Geologic  Setting  and  Site  Description  of  Hawsker  Bottoms,  Yorkshire,  England  
  
A  well-­‐‑studied  section  of  the  Toarcian  OAE  is  located  on  the  Yorkshire  coast  in  
northern  England.  We  analyzed  sample  splits  spanning  14  m  of  an  organic-­‐‑rich,  lower  
Jurassic  outcrop  section  in  the  Cleveland  Basin  at  Hawsker  Bottoms  previously  studied  
by  Hesselbo  et  al.  (2000).  The  lithology  is  dominated  by  black  shales  containing  discrete  
levels   of   calcite   concretions   and   constitutes   the   Jet   Rock   sensu   stricto   (Hesselbo   and  
Jenkyns,  1995).  The  sections  around  Hawsker  Bottoms  have  been  used  for  defining  the  
ammonite  biostratigraphy  of  the  Toarcian  (Howarth,  1992).  
The  Early  Jurassic  paleogeography  of  the  area,  although  somewhat  uncertain,  is  
depicted  in  published  paleogeographic  maps  (e.g.  Bradshaw  et  al.,  1992).  The  Cleveland  
Basin  of  North  Yorkshire  was  part  of  a  system  of  shallow  epicontinental  seas  and  small  
extensional   tectonic   basins   linked   to   the   Central   Graben   via   the   Sole   Pit   Basin.   The  
region   formed   part   of   the   broad   epicontinental   sea   that   covered   much   of   northwest  
Europe.  Marine  sedimentation  was  initiated  during  the  Late  Triassic,  and  a  succession  
of  marine  siliciclastic  mudstones  accumulated  during  the  Early  Jurassic.  
The   Grey   Shale   Member   of   the   Whitby   Mudstone   Formation   consists   of  
bioturbated,   silty   mudstones   with   beds   of   calcareous   siderite   concretions.   The  
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mudstones   have   thin   sharp-­‐‑based   beds,   wave   ripple,   and   starved   ripple   laminations  
(Wignall   et   al.,   2005;   Ghadeer   and   Macquaker,   2011).   Grain   size   and   bioturbation  
intensity  decrease  toward  the  top  of  the  unit,  and  sediment  color  darkens.  The  Jet  Rock  
Member   consists   of   dark,   organic   matter-­‐‑rich,   fissile   mudstones   with   abundant  
ammonites   and   horizons   of   calcareous   nodules.   The   boundary   between   these   two  
members   of   the   Whitby   Mudstone   Formation   likely   represents   an   increase   in   water  
depth  in  the  basin.  
The   early   Toarcian   (D.   tenuicostatum   Zone)   was   a   period   of   major   basin  
subsidence   throughout   England.   Organic  matter   content   fluctuates   through   the   Grey  
Shales,   but   increasing   levels   of   organic   matter   are   present   from   the   D.   semicelatum  
Subzone   to   the  C.   exaratum   Subzone   (H.   falciferum   Zone).  Minor   shoaling   cycles  with  
striped  siltstone  laminae  suggest  that  water  depths  were  on  the  order  of  tens  of  meters  
(Powell,   2010).   Similarly,   sedimentary   structures   suggest  deposition  during   storms  by  
the  effects  of  waves  (Wignall  et  al.,  2005;  Ghadeer  and  Macquaker,  2011).  Thus,  bottom  
water   conditions   were   more   energetic   than   is   commonly   thought,   where   the   water  
column   was   likely   shallower   than   50   m.   Consequently,   Hawsker   Bottoms   likely  
represents   an   inner   continental   shelf   environment,   which   physical   oceanographers  
define   as   the   region  where   turbulence   from   the   surface   and   bottom   boundary   layers  
effectively   homogenizes   the   whole   water   column   (Lentz   and   Fewings,   2012).  
Accordingly,  inner  shelf  environments  are  typically  a  few  meters  to  tens  of  meters  deep    
The  abundance  of  ammonites  in  the  shales  indicates  that  the  water  column  was  
at  times  oxygenated  and  favorable  to  nektonic  faunas  (Powell,  2010).  The  abundance  of  
thin   beds  with   tops   homogenized   by   bioturbation   suggests   that   long-­‐‑term,   persistent  
bottom  water  anoxia  did  not  occur  in  the  basin  (Ghadeer  and  Macquaker,  2011).  Besides  
deposition  as  bedload  by  geostrophic   flows  and  density  currents,  additional  sediment  
was   supplied  by   suspension   settling.  Textural   analyses  have   shown   that  much  of   the  
sedimentary  organic  matter  was  delivered  to  the  seafloor  as  fecal  pellets,  flocs,  or  other  
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organo-­‐‑mineralic   aggregates   (Ghadeer   and   Macquaker,   2011).   The   contribution   of   a  
biogenic   component   to   rock   composition   varies,   and   the   differences   have   been  
attributed  to  a  changing  balance  of  primary  production  relative  to  dilution  and  length  
of  transport  path  during  deposition  (Macquaker  and  Taylor,  1996;  Wignall  et  al.,  2005;  
Ghadeer  and  Macquaker,  2011).  
  
3.3  Methods  
   Powdered  rock  samples  were  analyzed  by  Rock-­‐‑Eval  pyrolysis.  The  total  organic  
carbon   (TOC;   %),   Tmax   (°C),   S1,   and   S2   were   determined   and   used   to   calculate   the  
hydrogen   index   (HI)   and   production   index   (PI).   Kerogen   isolates   from   four   samples  
across  the  section  were  mounted  onto  slides  in  duplicate  and  assessed  optically  under  
white   light   and   fluorescent   light   using   a   Zeiss   research  microscope   and   a   Zeiss   x   40  
Plank-­‐‑Neofluar   objective.  A  Zeiss  Axioskop,  Axio   Image  D1,   and   a  Zeiss   18   filter   set  
were  used  to  take  photomicrographs  and  fluorescence  images.    
Powdered   samples   (~   5  g)  were   extracted  using  a  Dionex  ASE  200  Accelerated  
Solvent   Extractor   with   a   solvent   mixture   of   dichloromethane:methanol   9:1   (v/v).  
Elemental   sulfur   was   removed   from   the   total   lipid   extract   (TLE).   Asphaltenes   were  
separated  from  the  maltene  fraction,  which  was  then  separated  into  saturated,  aromatic,  
and  polar  fractions  by  silica  gel  chromatography.  The  saturated  and  aromatic  fractions  
were   analyzed   by   gas   chromatography-­‐‑mass   spectrometry   (GC-­‐‑MS)   and   gas  
chromatography-­‐‑metastable   reaction   monitoring-­‐‑mass   spectrometry   (GC-­‐‑MRM-­‐‑MS).  
Carbon   isotopic   measurements   of   saturated   hydrocarbons   were   made   by   gas  
chromatography/combustion/   isotope   ratio   mass   spectrometry   (GC-­‐‑C-­‐‑IRMS)   using   a  
ThermoFinnigan   Delta   Plus   XP   coupled   to   a   ThermoFinnigan   Trace   GC.   The   mean  
value  of  triplicate  analyses  are  reported  here  in  per  mil  (‰)  relative  to  Vienna  Pee  Dee  
belemnite  (VPDB),  and  the  standard  deviation  from  the  mean  value  was  0.4‰  or  less.  A  
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detailed   description   of   methods   is   included   in   the   supplementary   online   material  
(SOM).  
  
3.4.  Results  and  Discussion  
3.4.1  Rock-­‐‑Eval  analysis  
Rock-­‐‑Eval  results  provided  insight  into  the  thermal  maturity  and  type  of  organic  
matter  preserved  in  the  Hawsker  Bottoms  sediments.  The  TOC  percentage  (Hesselbo  et  
al.,  2000)  was  plotted  for  comparison  with  the  HI,  PI,  and  Tmax  (fig.  1).  The  narrow  range  
of   the  PI   (0.11-­‐‑0.18)  and  Tmax   (429-­‐‑440°C)  parameters   indicate   that   thermal  maturity   is  
uniform  through  the  section  and  at  the  early  stage  of  oil  generation  (Peters  et  al.,  2005).  
Molecular   indices  of   thermal  maturity   further  substantiate   this  conclusion  (see  section  
3.4.2).      
The  HI   data   reveal   that   the   type   of   organic  matter   undergoes   a   transition   that  
appears  to  coincide  with  a  lithological  transition  from  medium  grey  shale  to  dark  grey  
thin-­‐‑bedded  shale  within  the  limitations  of  our  sampling  resolution.  The  low  HI  values  
below  -­‐‑2.5  m  are  characteristic  of  type  III  kerogen,  whereas  the  higher  HI  values  above  -­‐‑
3   m   are   characteristic   of   type   II   kerogen   (Peters   et   al.,   2005).   Type   III   kerogen   is  
dominated   by   either   terrigenous   or   highly   degraded   organic   matter,   and   type   II  
kerogen  is  typically  derived  from  marine  organic  matter  (Peters  et  al.,  2005).    
Published   HI   values   from   other   T-­‐‑OAE   localities   also   increase   across   the  
initiation  of  the  CIE  (Prauss  et  al.,  1991;  Schouten  et  al.,  2000;  Röhl  et  al.,  2001;  Sabatino  
et   al.,   2009;   Suan   et   al.,   2011).   Previous  workers   have   attributed   the  HI   variability   to  
different   degrees   of   organic   matter   degradation   under   varying   redox   conditions  
(Schouten  et  al.,  2000;  Röhl  et  al.,  2001;  Sabatino  et  al.,  2009).  Alternatively,  others  have  
argued  that  the  HI  variability  represents  a  shift  in  the  composition  of  the  organic  matter  
(Suan   et   al.,   2011).   Petrographic   and   molecular   evidence   for   the   presence   of   plant-­‐‑
derived   material   in   these   sediments   (see   section   3.4.3)   supports   the   conclusion   that  
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lower   HI   values   at   the   bottom   of   the   section   are   due   to   a   larger   abundance   of  
terrigenous  organic  matter  relative  to  marine  organic  matter.    
  
3.4.2 Molecular  indicators  of  thermal  maturity  
The   thermal  history  of   the   section  was   further  assessed  according   to  molecular  
thermal  maturity  parameters  (fig.  2).  The  C31  hopane  22S/(22S+22R)  ratio  was  constant  
through   the   section   and   exhibited   a   narrow   range   between   0.58   and   0.59.  A   value   of  
~0.55  represents  the  endpoint  which  is  reached  around  the  main  phase  of  oil  generation  
(Peters  et  al.,  2005).  The  C30  hopane  βα/(βα+αβ)  ratio  ranged  from  0.08  to  0.11,  which  is  
close   to  values   indicative  of  a  mature  source  rock   (Peters  et  al.,  2005).  The  C29   sterane  
ααα  20S/(20S+20R)  ratio  varied  from  0.52  to  0.57,  which  is  comparable  to  the  endpoint  
value   of   0.52-­‐‑0.55   (Peters   et   al.,   2005).   In   summary,   molecular   thermal   maturity  
indicators   corroborate   the   Rock-­‐‑Eval   results,   further   supporting   a   uniform   thermal  
maturity  within  the  early  window  of  oil  generation.  
Some   biomarker-­‐‑based   thermal   maturity   parameters   can   be   influenced   by  
additional  factors  such  as  source  and  diagenetic  effects  (Moldowan  et  al.,  1986;  Dahl  et  
al.,  1993;  Peters  et  al.,  2005;  Bennett  and  Olsen,  2007;  French  et  al.,  2012).  Indeed,  two  of  
the  thermal  maturity  parameters  presented  in  figure  2  exhibit  some  variation  tracking  
changes  in  lithology  and  source  input,  despite  the  multiple  lines  of  evidence  supporting  
constant   thermal  maturity   through  the  section.  The  Ts/(Ts+Tm)  ratio,  where  Tm  is  C27  
17α-­‐‑trisnorhopane   and  Ts   is  C27   18α-­‐‑trisnorhopane,   varied   from  0.41   to   0.59,  whereas  
the   diasterane/sterane   ratio   of  C27-­‐‑29   compounds   ranged   from   1.08   to   1.44.   Both   ratios  
deviate   from   a   relatively   constant   pattern   in   the   lower   ~2  meters   of   the   section.   This  
pattern  is  explained  by  changes  in  lithology  and/or  organic  matter  source  input,  which  
is   consistent   with   lower   HI   values   and   additional   evidence   supporting   variable  
terrigenous  organic  input  (see  section  3.4.3).  
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3.4.3 Biomarker  and  petrographic  evidence  of  terrigenous  organic  matter  input    
A   combination   of   molecular   and   petrographic   analyses   was   performed   to  
evaluate   the   relative   contribution  of   terrigenous  organic  matter   through   the   sampling  
interval   (fig.   3).   Previous   work   has   suggested   a   terrigenous   source   for   C19   and   C20  
tricyclic  terpanes,  which  has  led  to  the  use  of  C19/C23  and  C20/C23  tricyclic  terpane  ratios  
to   identify   input  of   terrigenous  organic  matter   (Noble   et   al.,   1986;  Peters   et   al.,   2005).  
These   two   ratios  display  higher  values   in   the   lowest  part   of   the   section   and  decrease  
after   the   lithological   transition   at   -­‐‑2.5  meters,   indicating   relatively  greater   terrigenous  
organic  matter  input  in  the  lowermost  part  of  the  sampling  interval.    
A  wide  range  of  PAHs  was  detected  in  the  Hawsker  Bottoms  samples,  including  
phenanthrene,   fluoranthene,   pyrene,   benzo[a]anthracene,   triphenylene,   chrysene,  
benzo[b]fluoranthene,   benzo[k]fluoranthene,   benzo[e]pyrene,   indeno[c,d]pyrene,  
dibenzo[a,h]anthracene,  benzo[g,h,i]perylene,  coronene,  and  retene.  PAHs  are  a  diverse  
set  of  compounds  with  multiple  documented  sources   including  products  of  pyrolysis,  
combustion,  hydrothermal  activity,  and  igneous  intrusion  as  well  as  direct  inputs  from  
algae,   fungi,  vascular  plants,  and  extraterrestrial  organics   (Kawka  and  Simoneit,  1990;  
George,  1992;  Jiang  et  al.,  2000;  Sephton  et  al.,  2005;  Grice  et  al.,  2007;  Marynowski  and  
Simoneit,   2009).   PAHs   have   been   used   to   reconstruct   the   history   of  wildfires,   higher  
plant  input,  and  anthropogenic  activity,  where  peri-­‐‑condensed,  unsubstituted  PAHs  are  
markers  for  combustion  of  organic  matter  (Hites  et  al.,  1977;  Venkatesan  and  Dahl,  1989;  
Killops   and  Massoud,   1992;  Kruge   et   al.,   1994;   Jiang   et   al.,   1998;  Arinobu   et   al.,   1999;  
Finkelstein   et   al.,   2005;   Peters   et   al.,   2005;   Marynowski   and   Simoneit,   2009).   Some  
sedimentary   PAHs,   such   as   phenanthrene,   chrysene,   and   triphenylene,   are   more  
affected  by  diagenesis  or  additional  sources  (Jiang  et  al.,  1998;  Grice  et  al.,  2007),  so  they  
were  not  included  in  the  total  PAH  sum  plotted  in  figure  3b.  Although  the  patterns  are  
not  identical,  enhanced  concentrations  of  total  PAH  co-­‐‑occur  with  elevated  C19/C23  and  
C20/C23   tricyclic   terpane   ratios   in   the   bottom   2  meters   of   the   sampling   interval.   Some  
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PAHS,  such  as  retene,  are  thought  to  derive  from  higher  plants,  in  particular  coniferous  
resin  (Wakeham  et  al.,  1980;  Ellis  et  al.,  1996;  Jiang  et  al.,  1998;  Grice  et  al.,  2005;  Peters  et  
al.,  2005),  although  algal  and  bacterial  sources  have  been  reported  as  well   (Wen  et  al.,  
2000).  Retene  was  detected  in  all  samples,  and  its  concentration  was  plotted  separately  
as  a  marker  of  higher  plant  input  in  figure  3c.  Retene  was  more  abundant  in  the  lowest  
interval  of  the  section,  which  is  consistent  with  the  total  PAHs,  tricyclic  terpane  ratios,  
and  HI  data.  
   Microscopic  analysis  of  four  kerogen  samples  adds  an  additional  line  of  evidence  
supporting   stratigraphic   variations   in   kerogen   type   and   organic   matter   sources.  
According  to  the  petrographic  results,   the  kerogen  is  comprised  of  as  much  as  80%  of  
terrigenous   organic   matter   in   the   bottom   of   the   section   and   about   25-­‐‑40%   in   the  
remainder   of   the   sampling   interval   (fig.   3d).   Since   the   elemental,   molecular,   and  
isotopic   composition   of   organic   matter   from   higher   plants   is   distinct   from   marine  
organic  matter,  HI  can  reflect   the  compositional  difference  of  distinct   types  of  organic  
matter  (e.g.  Talbot  and  Livingstone,  1989).  Assuming  constant  HI  values  for  terrigenous  
and  marine  organic  matter   end-­‐‑members,   the  percent   terrigenous  organic  matter  was  
estimated   through   the   section   using   the   linear   relationship   between   the   percent  
terrigenous  macerals  measured   by   optical  microscopy   and   the   corresponding  HI   (see  
SOM   for  more  details).  Calculated  values  of   fTerr  OM  ranged   from  12   to   85%,  where   the  
highest  values  were  found  in  the  lowermost  part  of  the  section  (fig.  3e).    
The   stratigraphic   change   in   the   relative   supply   of   terrigenous   organic  matter   ,  
which   is   supported   by   the   HI,   molecular,   and   petrographic   results,   may   have   been  
driven   by   effects   related   to   rising   sea   level   (Hesselbo,   2008;   Suan   et   al.,   2011).  
Considering   that   increased   rates   of   continental   weathering   across   the   T-­‐‑OAE   would  
have  enhanced  delivery  of  terrigenous  material  (Cohen  et  al.,  2004),  the  opposite  trend  
recorded   in   our   data   might   be   best   explained   by   progressive   remoteness   from   the  
coastline  on  a  gently  sloping  shelf  during  sea  level  transgression  (e.g.  Macquaker  et  al.,  
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2010).  However,  sea  level  related  effects  might  not  be  the  only  factor  responsible  for  the  
changing   signal   in   relative   abundance   of   terrigenous   and  marine   organic  matter.   For  
example,  enhanced  marine  export  productivity  and/or  enhanced  marine  organic  matter  
preservation   could   have   diluted   the   input   of   terrigenous   organic   matter,   thereby  
changing  the  relative  apparent  contribution.    
     
3.4.4 Biomarker  indicators  of  source  and  community  structure  
Since   some   compounds   or   compound   classes   are   associated   with   a   particular  
biological   source,   metabolism,   or   physiology,   molecular   distributions   can   be  
informative  about  changes  in  microbial  community  structure.  Unlike  other  intervals  of  
ocean   anoxia   associated  with  mass   extinction   events   (e.g.   Xie   et   al.,   2005;   Cao   et   al.,  
2009),   algal-­‐‑   and   bacterial-­‐‑derived   biomarkers   indicative   of   community   structure   did  
not   vary   significantly   through   the   CIE   (fig.   4).   Instead,   some   biomarker   indices   that  
typically   reflect   community  structure  were  more  affected  by  source   input  at  Hawsker  
Bottoms.  
The   regular   sterane/17α-­‐‑hopane   ratio   is   used   as   an   indicator   of   the   relative  
contributions  of  eukaryote  and  bacterial  biomass.  The  regular  sterane/hopane  ratio  was  
calculated  using  regular  C27-­‐‑29  steranes  and  17α  C29-­‐‑33  hopanes.  The  regular  sterane/17α-­‐‑
hopane   ratio   exhibited   low  values   below   -­‐‑2.5  m,  whereas   it  was  more   elevated   (>0.5)  
and   relatively   constant   in   the   top   10   m   of   the   section.   While   this   offset   could   be  
interpreted  as  a  shift  from  a  bacterially  dominated  environment  in  the  lower  part  of  the  
section   to  a  eukaryotic  environment  above   -­‐‑3  m,   it   is  more   likely   that  a  change   in   the  
organic  matter  source  input  is  driving  the  regular  sterane/17α-­‐‑hopane  ratio  variability.  
As   well   as   containing   low   total   steroid   abundances,   terrigenous   organic   matter   can  
deliver  hopanes  derived   from   soil   bacteria,   thereby   lowering   the   regular   sterane/17α-­‐‑
hopane   ratio   (Peters   et   al.,   2005;  Handley  et   al.,   2010;   Sãenz  et   al.,   2011;  French  et   al.,  
2012).    
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Similarly,  small  deviations  are  found  at  the  bottom  of  the  section  for  the  C27/C27-­‐‑30,  
C28/C27-­‐‑30,  and  C29/C27-­‐‑30  sterane  ratios.  These  ratios   included  regular  steranes  as  well  as  
diasteranes  and  are  commonly  used  as  indicators  of  the  relative  contribution  from  red  
algae   biomass,   chlorophyll-­‐‑c   algae,   and   green   algae,   respectively.  However,   they   can  
also  be  affected  by  the  delivery  of  C29  steranes  derived  from  land  plants  (Moldowan  et  
al.,   1985;  Peters  et  al.,   2005).   Indeed,  C29   sterane  was   the  dominant   sterane   in  samples  
from   the   bottom   of   the   section,   where   it   represented   nearly   half   of   the   total   C27-­‐‑30  
steranes.  The  C30/C27-­‐‑30  sterane  ratio,  on  the  other  hand,  which  is  an  indicator  of  marine  
pelagophyte  algae,  was  constant  throughout  the  section  and  represented  only  a  minor  
proportion  of  the  total  steranes  abundance.    
The   2α-­‐‑methylhopane   index   (2-­‐‑MHI)   has   been   used   as   an   indicator   of  
cyanobacterial   input   (Summons   et   al.,   1999),   although   additional   sources   were   later  
reported   (Rashby   et   al.,   2007).   The   3β-­‐‑methylhopane   index   (3-­‐‑MHI)   is   considered   a  
marker   for   aerobic   proteobacteria,   including   methanotrophs   and   acetic   acid   bacteria  
(Zundel   and   Rohmer,   1985;   Talbot   et   al.,   2003;   Farrimond   et   al.,   2004;   Talbot   and  
Farrimond,   2007).   The   2-­‐‑MHI   and   3-­‐‑MHI  were   invariant,   and   the   3-­‐‑MHI  was   in   the  
range  of  average  Phanerozoic  marine  values  (~1-­‐‑3%)  (Farrimond  et  al.,  2004;  Cao  et  al.,  
2009).   Likewise,   the   2-­‐‑MHI   also   lacked   elevated   values.   Based   on   elevated   2-­‐‑MHI,   3-­‐‑
MHI,   and   nitrogen   isotope   anomalies,   previous   workers   have   reported   an   increased  
contribution   of   diazotrophic   cyanobacteria   and  methanotrophic   bacteria   during   other  
OAEs  (e.g.  Kuypers  et  al.,  2004;  Cao  et  al.,  2009;  Sepúlveda  et  al.,  2009;  Luo  et  al.,  2011).  
The   low   and   invariant   contribution   of   these   microbial   groups   indicates   that  
environmental   conditions   suitable   for   their   predominance   did   not   prevail   at   this  
locality.   Thus,   enhanced   cyanobacterial   diazotrophy   may   not   fully   explain   the  
previously   reported   depleted   bulk   organic   δ15N   at   this   location   during   the   T-­‐‑OAE  
(Jenkyns  et  al.,  2001).    
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3.4.5 Indicators  of  redox  change  and  depositional  environment  
A  suite  of  biomarkers  was  used  to  assess  changes  in  water  column  stratification  
and   redox   potential,   including   the   gammacerane   index,   C35   homohopane   index   (C35  
HHI),   pristane/phytane   (Pr/Ph)   ratio,   and   the   concentration   of   aromatic   carotenoid  
derivatives   (fig.   5).   Although   some   of   these   parameters   can   also   be   influenced   by  
diagenesis,  source  input,  and  thermal  maturity,  they  display  patterns  consistent  with  a  
shift  towards  more  intense  reducing  conditions  at  least  in  the  sediment  porewaters  and  
potentially  in  the  overlying  water  column.    
Although  the  biological  sources  of  gammacerane  are  not  fully  known  (Peters  et  
al.,   2005),   it   is   a   diagenetic   product   of   tetrahymanol,   a   compound   found   in  
bacteriovorous  ciliates  thriving  at  the  chemocline  of  stratified  water  bodies  (ten  Haven  
et   al.,   1989;   Sinninghe   Damsté   et   al.,   1995).   Thus,   the   occurrence   of   gammacerane,  
expressed   as   the   gammacerane   index   =   [gammacerane/   (gammacerane   +   17α,21β   C30  
hopane)]*100,  has   been  used   to   infer   changes   in  water   column   stratification   in   ancient  
environments.  Gammacerane  was  detected   in  all  of   the  analyzed  samples  but  became  
more  prominent  in  those  deposited  during  the  OAE,  starting  at  the  onset  of  thin-­‐‑bedded  
shales.    
Elevated   abundances   of   gammacerane   during   the   T-­‐‑OAE   may   reflect   the  
development   of   seasonal   water   column   stratification,   possibly   due   to   stronger  
seasonality   and/or   deepening   of   the   water   column.   In   contrast,   prior   to   the   T-­‐‑OAE,  
seasonality  may  have  been  weaker,  or  the  water  column  may  have  been  too  shallow  to  
stratify,   even   during   warm   months,   due   to   turbulent   mixing.   The   development   of  
seasonal   water   column   stratification   at   Hawsker   Bottoms   during   the   T-­‐‑OAE   would  
have   aided   the   development   of   water   column   oxygen-­‐‑depletion,   particularly   during  
warm   and   productive   months.   However,   gammacerane   enrichments   alone   do   not  
necessitate   water   column   anoxia,   particularly   given   the   association   of   its   precursor,  
tetrahymanol,  with  suboxic  waters  in  the  modern  (Wakeham  et  al.,  2007;  2012).  
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The  C35  HHI   and  Pr/Ph   ratio   are   recorders   of   depositional   redox   conditions   in  
sediments.  The  C35  HHI  records  the  degree  of  preservation  of  the  extended  side  chain  of  
C35   hopanes   derived   from   intact   bacteriohopanepolyols   (BHPs)   (Köster   et   al.,   1997;  
Peters  et  al.,  2005).  Higher  C35  HHI  values  are  characteristic  of  oxygen-­‐‑depleted  marine  
depositional   environments.   Pristane   and  phytane   in   ancient  marine   rock   extracts   and  
oils  are  largely,  but  not  exclusively,  derived  from  the  chlorophyll  phytyl  side  chain  from  
photoautotrophs.  Redox  conditions  influence  the  diagenetic  pathway  of  the  phytyl  side  
chain.   Reducing   conditions   promote   the   conversion   of   phytol   to   phytane,   and   oxic  
conditions  promote  the  conversion  of  phytol  to  pristane  (Didyk  et  al.,  1978;  Peters  et  al.,  
2005).  The  C35  HHI  nearly  doubled  in  samples  deposited  during  the  OAE  compared  to  
those  deposited  prior  to  the  event.  Values  of  the  Pr/Ph  ratio  >3  recorded  at  the  bottom  of  
the   section   are   suggestive   of   deposition   of   terrigenous   organic   matter   under   oxic  
conditions.  The  Pr/Ph  ratio  values  near  or  below  1  during  the  T-­‐‑OAE,  together  with  the  
elevated   C35   HHI,   suggest   intensification   of   reducing   conditions   in   the   sediment  
porewaters  during  deposition.  
Biomarkers   for   anaerobic   phototrophic   green   sulfur   bacteria   (GSB)   have   been  
used   to   argue   for   the   development   of   PZE   during   the   T-­‐‑OAE   (Schouten   et   al.,   2000;  
Pancost  et  al.,  2004;  Bowden  et  al.,  2006)  and  other  OAEs  (e.g.  Cao  et  al.,  2009)  based  on  
the   physiological   requirement   of   co-­‐‑occurring   reduced   sulfur   species   and   light.   We  
detected  2,3,6-­‐‑aryl  isoprenoids,  isorenieratane,  and  chlorobactane  in  all  samples.  Unlike  
previous  studies  of  the  T-­‐‑OAE  or  any  Phanerozoic  organic  geochemical  study  of  marine  
samples,   trace   concentrations   of   okenane   were   also   identified   by   GC-­‐‑MRM-­‐‑MS   in  
samples  above  -­‐‑3  m,  whereas  it  was  below  detection  limit  in  samples  from  the  lowest  2  
meters  of  the  section.  Okenone,  a  photosynthetic  pigment  belonging  to  the  PSB  family  
Chromatiaceae,   is   the  only  known  precursor  of  okenane   (Brocks  and  Schaeffer,   2008).  
All   compounds  were  compared  with  an  authentic   carotenoid  standard  and  an  extract  
from  the  Barney  Creek  Formation  (BCF;  fig.  6;  Brocks  et  al.,  2005).  Normalizations  of  the  
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C40  aromatic  carotenoid  derivatives  against   the  mass  of  TOC  and  TLE  reveal  a  similar  
pattern  of  elevated  concentrations  during   the  anoxic  event  compared   to   the  pre-­‐‑event  
baseline.  
In   total,   all   of   the   organic   geochemical   redox   indicators   point   towards   a   shift  
towards   more   reducing   conditions   broadly   corresponding   with   the   initiation   of   the  
negative  CIE.  However,  sedimentological  features,  such  as  starved  wave  and  combined  
flow  ripples,   indicate  that  this  area  was  an  energetic,  shallow  inner  shelf  environment  
on  the  order  of  tens  of  meters  and  probably  no  deeper  than  50  m,  where  enough  oxygen  
was  present  in  the  water  column  on  some  timescale  to  sustain  nektonic  fauna,  including  
ammonites,  and  allow  for  bioturbation  at  the  sediment-­‐‑water  interface  through  the  OAE  
(Wignall  et  al.,  2005;  Powell,  2010;  Ghadeer  and  Macquaker,  2011).  We  explore  different  
scenarios  to  reconcile  these  apparent  opposing  lines  of  evidence.  
First,   the  geochemical  and  sedimentological  signals  recorded   in   the  rock  record  
are   a   composite   of   many   processes   occurring   on   different   timescales.   In   the  modern  
ocean,  highly  productive   coastal   and  continental  margin   sediments  and   the  overlying  
water   column   oscillate   between   oxic   and   anoxic   conditions   over   different   timescales  
(e.g.   Burdige,   2007).   Enhanced   productivity   and   export   of   organic   matter,   which   are  
important   features   of   Mesozoic   OAEs   (e.g.   Erba,   2004;   Jenkyns,   2010),   would   have  
increased   the   oxygen   demand   in   the  water   column   and   sediment   porewaters   during  
productive  months.  During  the  T-­‐‑OAE,  anoxic  conditions  may  have  been  restricted  to  
the  sediment  porewaters  during  seasons  of   low  productivity,  allowing  bioturbation  to  
occur   when   bottom   waters   were   better   oxygenated.   Conversely,   oxygen-­‐‑deficient  
waters  may   have   expanded   seasonally   to   the  water   column   during   intervals   of   high  
productivity  and  enhanced  stratification,  as  implied  by  the  gammacerane  index.  
Second,   the   molecular,   paleontological,   and   sedimentary   indicators   of   redox  
chemistry   apply   to   different   parts   of   the   depositional   environment,   diagenetic  
pathways,  and  have  different  sensitivities  along  the  redox  spectrum.  With  the  exception  
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of  the  GSB  and  PSB  carotenoid  markers,  the  geochemical  parameters  reported  here  do  
not   require   strict   anoxia   or   euxinia   in   the   water   column.   The   gammacerane   index  
pattern   supports   the   development   of   seasonal   stratification   during   the   OAE,   which  
would  have  promoted  oxygen  depletion  of  the  water  column.  However,  the  possibility  
remains  that  even  during  intervals  of  high  productivity  and  stratification,  water  column  
oxygen   concentrations   at   this   location   were   depleted   but   high   enough   to   sustain  
organisms  with   physiological   oxygen   requirements,   thereby   explaining   the   fossil   and  
sedimentary   evidence.  Additionally,   the  Pr/Ph   ratio   and  C35  HHI  pertain  primarily   to  
sedimentary  redox  conditions  opposed  to  water  column  redox  structure.  Therefore,  the  
occurrence  of  intact  aromatic  carotenoid  derivatives  merits  further  discussion  to  assess  
water  column  redox  chemistry.    
To  date,  okenane  has  only  been   reported   in  Paleoproterozoic   rock  extracts   and  
lacustrine   Cenozoic   extracts   (Brocks   et   al.,   2005;   Zhang   et   al.,   2011).   Given   the  
atmospheric   pO2   during   the   Mesozoic   was   near   present   atmospheric   levels   (Berner,  
2006),   its   detection   in  marine   samples   of   this   age   requires   careful   interpretation.   The  
PSB   family   Chromatiaceae   blooms   in   a   range   of   anoxic   environments  with   light   and  
reduced  sulfur  species,  including  stratified  lakes,  fjords,  coastal  lagoons,  estuaries,  and  
coastal   microbial   mats,   but   not   all   Chromatiaceae   produce   okenone   (Brocks   and  
Schaeffer,  2008  and  references  therein).  Okenone-­‐‑producing  planktonic  Chromatiaceae  
dwell  in  water  columns  where  the  chemocline  is  above  25  m  and  in  75%  of  the  reported  
cases  less  than  12  m  (Brocks  and  Schaeffer,  2008).  Notably,  all  of  the  modern  chemocline  
depth  observations  for  okenone  production  are  based  on  stratified  lake  systems.  Thus,  
the   lack   of   okenone   in  modern  marine   sulfidic   environments   presents   a   “no   analog”  
problem   for   ancient   marine   samples   containing   okenane   that   were   deposited   under  
atmospheric  pO2  close  to  modern  levels.  
Transient   free   sulfide   has   been   reported   in   the   water   column   of   intense  
upwelling   zones,   including   the  Arabian   Sea,  Namibian   coast,   and   the   Peruvian   coast  
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(e.g  Dugdale  et  al.,  1977;  Brüchert  et  al.,  2003;  Naqvi  et  al.,  2006;  Schunck  et  al.,  2013).  
However,  these  episodes  are  typically  short  lived.  In  contrast,  sulfidic  waters  persist  in  
some   restricted   marine   basins   and   fjords,   including   the   Black   Sea,   Cariaco   Basin,  
Saanich   Inlet,  and   the  Framvaren  and  Effingham  Fjords.  However,   these   two   types  of  
marine   environments   (non-­‐‑restricted,   transiently   sulfidic   and   restricted,   permanently  
sulfidic)   fail   to   represent   suitable   modern   analogs   for   Hawsker   Bottoms   on   several  
counts.  Isorenieratene  has  been  measured  in  the  water  column  and  sediments  of  some  
restricted  marine  basins,  particularly   fjords   and   the  Black  Sea   (e.g.   Sinninghe  Damsté    
and  Schouten,  2006),  but  GSB  carotenoids  have  not  been  detected  in  transiently  sulfidic  
upwelling  systems.  Furthermore,  okenone  has  not  been  reported  in  the  water  column  or  
sediments  of  any  modern  marine  transiently  or  permanently  sulfidic  environment,  with  
the  exception  of  the  upper  sediments  of  Kyllaren  fjord,  a  small,  highly  restricted  basin  
(Smittenberg  et  al.,  2004;  Sinninghe  Damsté    and  Schouten,  2006).  Like  okenone,  modern  
planktonic  marine  occurrences  of  chlorobactene  are  also  limited  to  semi-­‐‑enclosed  water  
masses   that  are  not   representative  of   fully  marine  conditions   (e.g.  Naeher  et  al.  2012).  
Interestingly,  multiple  emerging  lines  of  evidence  suggest  the  occurrence  of  a  “cryptic  
sulfur  cycle”  in  some  OMZs,  with  a  potential  role  for  photosynthetic  sulfide  oxidation  
(Canfield   et   al.,   2010;   Stewart   et   al.,   2012).  However,   the  presence  of  GSB  and/or  PSB  
and  their  respective  carotenoids  have  yet  to  be  reported  in  modern  OMZs.    
Furthermore,   the   physical   oceanographic   processes   determining   the   degree   of  
vertical  mixing,  hence  stratification  and  redox  gradient  stability,  are  markedly  different  
between  inner  shelf  environments  and  sulfidic,  silled  basins,  which  are  highly  restricted  
and  in  many  classic  modern  examples,  are  an  order  of  magnitude  or  more  deeper  than  
estimated   paleodepths   of  Hawsker   Bottoms.  Although   the  water   column   at  Hawsker  
Bottoms   became   deeper   with   the   sea   level   transgression   across   the   T-­‐‑OAE,   the  
depositional   environment   remained   relatively   shallow   because   of   its   location   on   a  
gently  sloping  shelf  (e.g.  Macquaker  et  al.,  2010).  Consequently,  turbulent  mixing  at  the  
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surface  and  bottom  boundary  layers  would  have  prevented  a  stable  sulfidic  chemocline  
from   developing.   On   the   other   hand,   considering   the   limited   occurrence   of  
planktonically  produced  okenone   in  modern   lakes,   a  planktonic   source  of  okenone  at  
Hawsker  Bottoms  would  imply  that,  rather  than  an  inner  sheld  environment,  Hawsker  
Bottoms  was  a  highly  restricted  coastal  basin  not  reflective  of  fully  marine  conditions.    
Alternatively,   we   argue   that   okenane   at   Hawsker   Bottoms   was   likely   derived  
from   benthic   microbial   mats   based   on   the   lack   of   modern   analogs   of   okenone-­‐‑
production   in   marine   sulfidic   environments,   the   dynamics   of   inner   shelf   physical  
mixing,   and   building   evidence   of   okenone-­‐‑producing,   mat-­‐‑dwelling   Chromatiaceae  
(e.g.  Caumette   et   al.,   1991;  Airs   et   al.,   2001;  Caumette   et   al.,   2004;  Meyer   et   al.,   2011).  
Furthermore,   planktonic   Chlorobiaceae   are   not   the   exclusive   source   of   isorenieratene  
and   chlorobactene.   Previous   work   has   documented   additional   non-­‐‑planktonic   GSB  
sources  of  isorenieratene  and  chlorobactene,  including  microbial  mats  (e.g.Wahlund  et  
al.,  1991;  Brocks  and  Summons,  2003;  Beatty  et  al.,  2005;  Bühring  et  al.,  2011).  Although  
a  mixed  planktonic   and  mat   origin  of   the   carotenoids   cannot   be   ruled  out,   it   is  more  
likely  that  the  GSB  and  PSB  carotenoids  detected  in  Hawsker  Bottoms  samples  share  a  
source.  Previous  studies  of  sedimentary  structures   in   the  Toarcian  shales  of  Yorkshire  
have   attributed   wavy   laminations   to   microbial   mats   (O'ʹBrien,   1990),   thereby   further  
supporting   a   sedimentary   origin   of   GSB   and   PSB   carotenoid   derivatives   detected   in  
Hawsker   Bottoms   samples.   Similar   wavy   laminated   fabrics   have   been   reported   in  
coeval  shales   in  northern  European  T-­‐‑OAE  sections   (Trabucho-­‐‑Alexandre  et  al.,  2012).  
Unfortunately,  a  sedimentary  source  of  the  GSB  and  PSB  carotenoid  derivatives  offers  
little   information   about   water   column   redox   chemistry.   However,   this   interpretation  
does  not  preclude  the  development  of  a  suboxic,  anoxic,  or  euxinic  water  column  in  this  
region  on  some  timescale  during  the  T-­‐‑OAE.  Instead,  additional  inorganic  geochemical  
data  is  required  to  better  assess  the  water  column  redox  conditions  and  degree  of  basin  
restriction  (Algeo  and  Tribovillard,  2009).  
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3.4.6 Compound  specific  stable  carbon  isotopic  data  
A  limited  number  of  compound  specific  δ13C  records  of  the  T-­‐‑OAE  are  currently  
available  in  the  literature.  Here,  we  report  the  first  long-­‐‑chain  n-­‐‑alkane  δ13C  records  of  
the  T-­‐‑OAE.  Compound  specific  δ13C  analyses  of  marine-­‐‑  and   terrestrial-­‐‑derived   lipids  
reveal   a   shift   towards   lighter   δ13C   values   (fig.   7).   Short-­‐‑chain   n-­‐‑alkanes,   as   well   as  
pristane   and   phytane   are   typically   used   as  marine   indicators,   whereas   long-­‐‑chain   n-­‐‑
alkanes   primarily   reflect   terrigenous   sources.   The   n-­‐‑C17,   n-­‐‑C18,   and   n-­‐‑C19   alkanes  
displayed  a  negative  excursion  of  ~2–3‰,  which  is  consistent  with  the  ~2–4‰  negative  
excursions   documented   in   the   partial   n-­‐‑C16-­‐‑20   alkane   records   from   the   Toarcian  
Posidonienschiefer  in  southwest  Germany  (Schouten  et  al.,  2000).  Pristane  and  phytane  
encode  a  muted  excursion  (~1.5–2‰)  compared  to  short-­‐‑chain  alkane  records,  and  they  
also   have   smaller   CIE   magnitudes   compared   to   the   pristane   and   phytane   isotopic  
records  from  the  Toarcian  Paris  Basin  and  the  Posidonienschiefer  (~3–4‰)  (Schouten  et  
al.,  2000;  van  Breugel  et  al.,  2006).  On  the  other  hand,  long-­‐‑chain  n-­‐‑alkanes  (n-­‐‑C27,  n-­‐‑C28,  
and  n-­‐‑C29),  which  are  primarily  but  not  exclusively  derived  from  epicuticular  waxes  of  
vascular  plants   (Eglinton   and  Hamilton,   1967),   display   the   largest   compound   specific  
negative  CIE  (~4–5‰).  The  molecular  isotopic  records  appear  to  register  the  initiation  of  
the   negative   CIE   earlier   than   in   the   bulk   organic   record,   and   within   the   CIE,   the  
compound-­‐‑specific   d13C   values   remain   fairly   stable   while   the   bulk   curve   becomes  
gradually   depleted.   However,   these   features   could   be   due   to   sampling   resolution  
differences.  Higher  resolution  molecular  isotopic  records  are  required  to  better  address  
the   timing   and   structure   of   the   isotopic   excursion   recorded   in   different   carbon  
reservoirs.  
The  absolute  magnitude  of  the  bulk  organic  CIE  (~5–7‰)  is  larger  than  the  CIEs  
recorded  in  the  molecular  records  from  Yorkshire  (this  study;  ~1.5–5‰),  the  Paris  Basin  
(~3‰;   van   Breugel   et   al.,   2006),   and   the   Posidonienschiefer   (~2–4‰;   Schouten   et   al.,  
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2000).   Identifying   the   reason   behind   the   CIE  magnitude   offsets   is   critical   for   placing  
bounds   on   the   magnitude   of   isotopically   light   carbon   added   into   the   system.   Bulk  
organic  matter  is  comprised  of  an  array  of  molecularly  and  isotopically  heterogeneous  
constituents.  In  addition  to  environmental  perturbations,  organic  matter  source  mixing  
can  contribute  to  bulk  organic  δ13C  excursions  (e.g.  Pancost  et  al.,  1999).  The  comparison  
of   short-­‐‑   and   long-­‐‑chain  n-­‐‑alkane   isotopic   compositions  demonstrates   that,  unlike   the  
modern,   terrigenous  organic  matter   is   isotopically  heavier   than  marine  organic  matter  
during  the  Toarcian  (fig.  7),  which  is  consistent  with  previous  Toarcian  studies  (Vetö  et  
al.,   1997;   Schouten   et   al.,   2000).  Multiple   lines   of   evidence   presented   in   section   3.4.3  
highlight   a   significant   transition   in   the   terrigenous   organic  matter   input   at   Hawsker  
Bottoms.   Indeed,   the   bottom   2   meters   of   the   study   interval   are   dominated   by  
terrigenous  organic  matter  and  are  isotopically  heavier  than  the  overlying  interval  that  
is  dominated  by  marine  organic  matter.  Therefore,  an  undetermined  component  of  the  
bulk  organic  CIE  magnitude  may  be  attributed  to  source  mixing  effects.    
Additional  factors  could  also  contribute  to  the  difference  in  magnitudes  between  
bulk  and  molecular  CIEs.  For  instance,  it  is  possible  that  the  full  CIE  was  not  captured  
in   the  molecular   isotopic  records  due  to  a   lower  sampling  resolution  compared  to   the  
bulk  organic  δ13C  records.  Alternatively,  water  availability  can  modulate  the  magnitude  
of   the   CIE   recorded   in   vascular   leaf   waxes,   as   has   been   discussed   for   the   Paleocene  
Eocene  Thermal  Maximum      (PETM;   e.g.   Schouten   et   al.,   2007;   Smith   et   al.,   2007),   but  
unlike   the  PETM,   the   ratio  of   angiosperms  and  conifers  would  not   account   for   the  n-­‐‑
alkane   and   bulk   organic   CIE   magnitude   offset   because   the   rise   of   angiosperms  
postdates   the   Early   Jurassic   (e.g.   Heimhofer   et   al.,   2005).   Additionally,   thermal  
maturation   could   influence   the   δ13C   of   individual   compounds,   which   become  
isotopically   heavier   with   increasing   thermal   maturity   (Clayton,   1991;   Clayton   and  
Bjorøy,  1994;  Tang  et  al.,  2005).    
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Nevertheless,   while   multiple   mechanisms   may   account   for   the   difference  
between  molecular   and  bulk   organic  CIE  magnitudes,   it   is   significant   that   a   negative  
CIE   is   recorded   in   both   marine-­‐‑   and   terrestrial-­‐‑derived   lipids,   albeit   to   different  
degrees.  The  parallel  isotopic  change  in  marine  and  terrestrial  carbon  pools  recorded  at  
Hawsker  Bottoms  further  supports  previous  studies  suggesting   that   the  T-­‐‑OAE  was  a  
global   carbon   cycle   perturbation   where   isotopically   light   carbon   entered   the  
atmospheric,  terrigenous,  and  marine  carbon  reservoirs  (Hesselbo  et  al.,  2000;  2007;  Al-­‐‑
Suwaidi   et   al.,   2010;   Caruthers   et   al.,   2011;   Gröcke   et   al.,   2011).   Multiple   sources   of  
isotopically  light  carbon  have  been  proposed,   including  methane  hydrate  dissociation,  
regional   upwelling   of   isotopically   light   waters   in   stratified   epicontinental   seas,  
thermogenic  release  of  methane  from  organic-­‐‑rich  strata  in  contact  with  dykes,  biomass  
burning,  or  a  combination  of   these  mechanisms  (Hesselbo  et  al.,  2000;  Schouten  et  al.,  
2000;  McElwain  et  al.,  2005;  van  de  Schootbrugge  et  al.,  2005;  Finkelstein  et  al.,  2006).    
Although  our   study  does  not  provide   evidence   in   support  of   a   specific   forcing  
mechanism,  it  allows  us  to  narrow  down  potential  mechanisms.  A  deep-­‐‑water  source  of  
isotopically   light   carbon   is   unlikely   because   of   the   CIE   observed   in   land   plant  
biomarkers.  The   lack  of   evidence   for  bacterial  methanotrophy   in  our   section   suggests  
that  methane  hydrate  dissociation  did  not  supply  appreciable  methane  to  the  sampling  
locality.   The   organic   matter   source   transition   complicates   the   interpretation   of   PAH  
abundances  as   tracers  of  biomass  burning,  so  a  different  sampling   locality  without  an  
organic   matter   source   transition   should   be   studied   to   test   the   biomass   burning  
mechanism   using   PAHs.   A   cascade   of   mechanisms   rather   than   a   single   mechanism  
likely   initiated   the  T-­‐‑OAE.  However,   our   results   indicate   that   the   influence   of   source  
mixing  on   the  bulk  organic   δ13C  has  been  previously  underestimated  and   could  have  
potentially   affected   other   bulk   isotopic   systematics   such   as   nitrogen.   Therefore,  
previous   estimates   regarding   the  magnitude  of   this   global  perturbation  of   the   carbon  
cycle  should  be  revisited.  
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3.5 Conclusions    
We  use   a  multiproxy   approach   based   on   bulk   geochemistry,   lipid   biomarkers,  
and   compound-­‐‑specific   stable   isotopes   to   elucidate   environmental   and   ecological  
changes   associated   with   the   T-­‐‑OAE   at   Hawsker   Bottoms   in   Yorkshire,   England.  
Molecular  indicators  and  Rock-­‐‑Eval  results  suggest  that  thermal  maturity  is  uniformly  
in   the   early   oil   generation   window   throughout   the   sampling   interval.   The   HI   data,  
organic  petrography,  PAH  distribution,  and  tricyclic  terpane  ratios  indicate  a  transition  
in   the   relative   input   of   terrigenous   vs.   marine   organic   matter   across   a   lithological  
transition.   The   shift   to   lower   relative   abundance   of   terrigenous   organic   matter   was  
likely  a  result  of  sea   level   related  effects  such  as  coastal  proximity,  changes   in  marine  
organic  matter  preservation,  and/or  dilution  effects  from  increased  marine  productivity.  
Organic   geochemical   redox   and   depositional   environment   indicators   point  
towards  an  overall  shift  towards  more  reducing  conditions  in  sediment  porewaters  and  
the  development  of   seasonal   stratification  during   the  OAE.  Previous  sedimentological  
observations  require  that  the  water  column  was  not  completely  anoxic  throughout  the  
entire  T-­‐‑OAE,  which  may  seem  contradictory  at   first   to   the  detection  of  GSB  and  PSB  
carotenoids.   However,   here  we   present   the   first   occurrence   of   okenane,   a   carotenoid  
marker   of   PSB,   in  marine   samples   younger   than   the   Paleoproterozoic   (1.64  Ga).   This  
unexpected   finding   challenges   the   interpretation   of   GSB   and   PSB   carotenoids   as  
markers  of  PZE  in  the  context  of  Hawsker  Bottoms  due  to   inner  shelf  vertical  mixing,  
the  lack  of  modern  analogs  of  okenone-­‐‑production  in  marine  sulfidic  environments,  and  
the  emerging  evidence  of  okenone-­‐‑producing  mat-­‐‑dwelling  Chromatiaceae.  Therefore,  
in  combination  with  previous  reports  of  microbial  wavy  lamination  in  Toarcian  shales  
of   Yorkshire   and   coeval   shales   in   northern   Europe,   we   argue   that   okenane,   and  
potentially  chlorobactane  and  isorenieratane,  was  most  likely  mat-­‐‑derived  at  Hawsker  
Bottoms.    
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The   compound-­‐‑specific   δ13C   records   of   short-­‐‑chain   n-­‐‑alkanes,   acyclic  
isoprenoids,  and  long-­‐‑chain  n-­‐‑alkanes  support  a  carbon  cycle  perturbation  that  affected  
both  the  atmospheric  and  marine  systems,  which  precludes  the  recycling  of  isotopically  
light  CO2  from  anoxic  waters  as  the  sole  mechanism  responsible  for  the  T-­‐‑OAE  negative  
CIE.  Notably,   compound   specific   δ13C   records   of   the   T-­‐‑OAE,   including   the   new  data  
presented  here   from  Yorkshire  and  previous  molecular  data   from  the  Paris  Basin  and  
the  Posidonienschiefer,  encode  negative  CIEs  that  are  smaller   in  magnitude  compared  
to   bulk   organic   δ13C   records.  Many  mechanisms   could   contribute   to   this   observation,  
particularly   variable   mixing   of   terrigenous   and   marine   organic   matter,   which   is  
supported  by   the  multiple   lines   of   evidence   for   a   transition   in  organic  matter   source.  
Identifying   the   mechanisms   behind   the   CIE   magnitude   offsets   is   important   for  
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Fig.  1.  Rock-­‐‑Eval  Analysis.  A)  Total  organic  carbon  (TOC;  %)  (Hesselbo  et  al.,  2000);  B)  
Hydrogen  index  (HI;  mg  HC/g  TOC);  C)  Production  index  (PI);  D)  Tmax  (°C).  





Fig.   2.  Molecular   Indicators   of   Thermal  Maturity.   A)   The  C31   hopane   22S/(22S+22R)  
ratio;   B)   C30   hopane   βα/(βα+αβ)   ratio;   C)   C29   sterane   ααα   20S/(20S+20R)   ratio;   D)  
Ts/(Ts+Tm)  ratio;  E)  diasteranes/steranes  ratio.  Note  the  lack  of  variation  in  A,  B  and  C  
across   the   section   compared   to   the   minor   variations   exhibited   by   D   and   E   due   to  
changes  in  source  input  and/or  lithology.  





Fig  3.  Terrigenous  Organic  Matter  Indicators.  A)  Ratios  of  C19/C23  and  C20/C23  tricyclic  
terpanes;  B)  total  concentration  of  PAHs  normalized  by  TOC  and  TLE;  C)  concentration  
of  retene  normalized  by  TOC  and  TLE;  D)  measured  contribution  of  terrigenous  organic  
matter   (OM)  by  petrographic  analysis;  E)  calculated  percentage  of   terrigenous  organic  
matter   (fTerr  OM  )   based   on   linear   regression   (fTerr  OM   (%)   =   -­‐‑0.279   *  HI   +   136;   R2=0.90)   of  




Fig.   4.   Source   and   Community   Indicators.   A)   The   ratio   of   regular   steranes/17α-­‐‑
hopanes;   B)   C27/C27-­‐‑30   steranes;   C)   C28/C27-­‐‑30   steranes;   D)   C29/C27-­‐‑30   steranes;   E)   2α-­‐‑
methylhopane  and  3β-­‐‑methylhopane  indices.  





Fig.  5.  Redox  and  Depositional  Environmental  Indicators.  A)  Gammacerane  index;  B)  
C35  homohopane  index  (C35HHI);  C)  pristane/phytane  (Pr/Ph)  ratio;  D)  concentration  of  
isorenieratane;   E)   concentration   of   chlorobactane;   F)   concentration   of   okenane.   The  
concentrations   of   C40   carotenoids   are   semi-­‐‑quantitative   and   were   normalized   against  






Fig.   6   Gas   chromatography   -­‐‑   metastable   reaction   monitoring   -­‐‑   mass   spectrometry  
(GC-­‐‑MRM-­‐‑MS)   chromatogram   for   the   identification   of   aromatic   carotenoid  
derivatives.    MRM  chromatograms  displaying  the  554→134  transition  characteristic  for  
chlorobactane   and  okenane   in   an   authentic   standard  of   combined  C40   carotenoids   (A)  
and   in   sample   ENR004   at   5.98   m   (C).   Plots   B   and   D   are   MRM   chromatograms  
displaying   the   546→134   MRM   transition   characteristic   of   isorenieratane,   renieratane,  
and  renierapurpurane   in  an  authentic  standard  of  combined  C40  carotenoid  (B)  and   in  
sample  ENR004  (D).  Compound  abbreviations  were  used  for  labels:  chlorobactane  (Ch);  
okenane  (Ok);  isorenieratane  (Iso);  renieratane  (Ren);  renierapurpurane  (Rpurp).  





Fig.  7  Carbon  Isotopic  records.  A)  Previously   reported  δ13Corg   from  Hawsker  Bottoms  
(Hesselbo  et  al.,  2000;  Kemp  et  al.,  2005);  B)  δ13C  of  n-­‐‑C17-­‐‑19  short-­‐‑chain  n-­‐‑alkanes;  C)  δ13C  
of  pristane  and  phytane;  D)  δ13C  of  n-­‐‑C27-­‐‑29  long-­‐‑chain  n-­‐‑alkanes.  Note   the  different   x-­‐‑
axis  scales.  
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3.8  Supplementary  Online  Material  (SOM)  
  
3.8.1  Methods  
Rock-­‐‑Eval  pyrolysis    
Powdered  sediment  samples  (~1  g)  were  analyzed  at  the  University  of  Newcastle  
on  a  Rock-­‐‑Eval  pyrolysis   instrument.  The   total   organic   carbon   (TOC  %),  Tmax   (°C),   S1,  
and   S2   were   determined.   The   S1   and   S2   are   expressed   in  mg   hydrocarbons   (HC)   per  
gram   dry   rock.   These   parameters   were   used   to   calculate   the   hydrogen   index   (HI)  
(HI=[100*S2]/TOC;   expressed   in   mg   hydrocarbon   (HC)/g   TOC)   and   the   production  
index   (PI)   (PI=   S1/[S1+S2]).   The   Rock-­‐‑Eval   TOC   values   and   the   bulk   d13Corg   have   been  
previously  reported  (Hesselbo  et  al.,  2000).  
  
Organic  petrography  
In  order  to  examine  the  nature  of  the  organic  matter,  particularly  the  fraction  of  
terrigenous  organic  matter,   four   samples   across   the   section  were  prepared   for   optical  
analysis  of  the  kerogen.  Kerogen  was  isolated  from  the  sample  material  remaining  after  
lipid  extraction  as  described   in   section  3.3.3.  The  mineral  matrix  was   removed  by   the  
sequential  addition  of  HCl  and  HF.  Samples  were  centrifuged  and  rinsed  between  acid  
treatments,  and  the  residual  matter  was  rinsed  with  water  and  methanol.  A  subsample  
of  each  kerogen  sample  was  mounted  onto  a  slide   in  duplicate  and  assessed  optically  
under  white  light  and  fluorescent  light  using  a  Zeiss  research  microscope  and  a  Zeiss  x  
40  Plan-­‐‑Neofluar  objective.  A  Zeiss  Axioskop,  Axio  Image  D1,  and  a  Zeiss  18  filter  set  
were  used  to  take  photomicrographs  and  fluorescence  images.  
The   fraction   of   terrigenous   organic  matter  was   estimated   for   the   samples   that  
were   not   analyzed   by   organic   petrography   using   the   linear   relationship   between   the  
percent   terrigenous   organic   matter   measured   by   optical   microscopy   and   the  
corresponding  HI:    
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fTerr  OM  (%)  =  -­‐‑0.279  *  HI  +  136               (1)  
  
where  the  linear  regression  had  an  R2  value  of  0.90  and  fTerr  OM  represents  the  terrigenous  
organic  matter  as  a  percentage.  
  
Biomarker  extraction  and  analysis  
Powdered   samples   (~   5  g)  were   extracted  using  a  Dionex  ASE  200  Accelerated  
Solvent   Extractor   at   1000   psi   and   100°C,   with   a   solvent   mixture   of  
dichloromethane:methanol  9:1  (v/v).  The  total  lipid  extract  (TLE)  was  reacted  with  acid-­‐‑
activated   copper   shots   to   remove   elemental   sulfur.   Asphaltenes   were   separated   (3x)  
from  the  maltene  fraction  by  precipitation  in  n-­‐‑pentane  at  4ºC,  and  after  centrifugation  
at   3000   rpm   for   10  minutes.   The  maltene   fraction  was   then   separated   into   saturated,  
aromatic,   and   polar   fractions   by   silica   gel   chromatography   using   hexane,   1:1   (v/v)  
hexane/dichloromethane,  and  7:3  (v/v)  dichloromethane/methanol.  
The   saturated   fractions   were   screened   by   gas   chromatography-­‐‑mass  
spectrometry  (GC-­‐‑MS)  in  full  scan  using  an  Agilent  6890  GC  equipped  with  a  HP6890  
autosampler   and   interfaced   to   an   Agilent   5973   mass   spectrometer.   Saturated  
hydrocarbons   were   also   analyzed   by   gas   chromatography-­‐‑metastable   reaction  
monitoring-­‐‑mass  spectrometry  (GC-­‐‑MRM-­‐‑MS)  on  a  Micromass  Autospec  Ultima  mass  
spectrometer  coupled  with  an  Agilent  6890N  GC.  The  analysis  was  carried  out  with  a  60  
m  J&W  Scientific  DB-­‐‑1  fused  silica  capillary  column  (internal  diameter:  0.25  mm;  0.25  m  
film   thickness)   in   pulsed   splitless   mode.   The   initial   GC   oven   temperature   was  
programmed  to  60°C  (held  for  2  minutes),  ramped  to  150°C  at  10°C/minute,  and  then  to  
315°C   at   3°C/minute   (held   for   24   minutes).   The   ion   source   was   in   EI   mode   at   a  
temperature  of  250°C,  an   ionization  energy  of  70  eV,  and  acceleration  voltage  of  8000  
kV.  Tricyclic  terpanes  and  hopanes  were  identified  by  MRM  using  the  molecular  ion  to  
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the  m/z  191  transitions.  Likewise,  steranes  were  identified  by  MRM  using  the  molecular  
ion  to  m/z  217  transitions.  
The  aromatic  fraction  was  analyzed  by  GC-­‐‑MS  in  SIM  modes.  Prior  to  analysis,  
400  ng  of  an  aromatic   internal  standard,  deuterated  phenanthrene,  was  added  to  each  
sample.   The   GC   was   fitted   with   a   DB-­‐‑5   stationary   phase   column,   and   the   GC   oven  
temperature   was   ramped   from   60°C   to   150°C   at   20°C/minute,   and   then   to   330°C   at  
4°C/minute   (held   for   27   minutes).   The   aryl   isoprenoids   and   isorenieratane   was  
identified  in  the  m/z  134  ion  chromatograms  and  quantified  using  the  internal  standard.  
Absolute   quantification   is   not   possible   without   taking   into   account   relative   response  
factors   but   our   approach   does   allow   an   internally   consistent   estimation   across   the  
sample  set.    
The  aromatic  fraction  was  also  analyzed  by  GC-­‐‑MS  in  full  scan  and  MRM  modes  
on   a  Micromass  Autospec  Ultima  mass   spectrometer   coupled  with   an  Agilent   6890N  
GC   autospec.   The   GC   was   fitted   with   a   DB-­‐‑5   stationary   phase   column.   Polycyclic  
aromatic   hydrocarbons   (PAHs)   were   identified   and   quantified   in   full   scan   mode   by  
their   mass   spectra   and   by   comparison   with   a   mix   of   authentic   standards,   with   the  
exception   of   retene,   coronene,   and   triphenylene,  which  were   identified   by   their  mass  
spectra  and  relative  retention  time.  Aromatic  carotenoid  derivatives  were  also  analyzed  
by   GC-­‐‑MRM-­‐‑MS   using   parent-­‐‑daughter   reactions.   Isorenieratane,   okenane,   and  
chlorobactane   were   identified   in   characteristic   MRM   transitions   by   comparison   of  
retention   times   to   an   extract   from   the  Barney  Creek  Formation   (BCF)   and   a   standard  
mix   of   hydrogenated   carotenoids   containing   chlorobactane,   okenane,   isorenieratane,  
renieratane,   and   renierapurpane.   Using   the   MRM   data,   okenane   and   chlorobactane  
were   quantified   against   the   GC-­‐‑MSD   quantified   isorenieratane.   The   aromatic  
carotenoid   derivative   and   PAH   concentrations  were   normalized   against  mass   of   TLE  
and  TOC.  
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Compound   specific   carbon   isotopic   measurements   of   saturated   hydrocarbons  
were  made  by  gas  chromatography/combustion/  isotope  ratio  mass  spectrometry  (GC-­‐‑
C-­‐‑IRMS)  using  a  Thermo  Finnigan  Delta  plus  XP  coupled  to  a  Thermo  Finnigan  Trace  
GC.   The   initial   oven   temperature   was   programmed   to   60°C   (held   for   3   minutes),  
ramped  to  180°C  at  10°C/min,  and  then  to  320°C  at  4°C/min  (held  for  20  minutes).  All  
samples  were  bracketed  by  pulses  of  in  house  calibrated  reference  CO2  gas  and  Oztech  
calibrated   reference   CO2   gas.   A   standard   mix   of   n-­‐‑alkanes   (mix   A;   Arndt  
Schimmelmann,   Indiana   University)   was   analyzed   twice   a   day   to   monitor   the  
instrument  condition.  The  mean  value  of  triplicate  analyses  are  reported  here  in  permil  
(‰)  relative  to  Vienna  Pee  Dee  belemnite  (VPDB),  and  the  standard  deviation  from  the  
mean  value  was  better  than  0.4‰.  
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3.8.2  Data  Tables  





HI   PI   Tmax  
ENR005   7.28   343   0.17   432  
ENR015   6.48   395   0.18   433  
ENR004   5.98   330   0.18   434  
ENR014   5.68           
ENR003   5.18   331   0.17   436  
ENR002   4.48   403   0.15   435  
ENR001   3.28   431   0.14   437  
ENR006   2.08   435   0.12   436  
ENR007   1.28   417   0.12   434  
ENR008   0.48   324   0.16   429  
ENR013   0.44   366   0.11   437  
ENR012   -­‐‑0.42   341   0.12   436  
ENR011   -­‐‑0.86   259   0.18   433  
ENR010   -­‐‑1.74   305   0.14   440  
ENR017   -­‐‑2.4   444   0.15   437  
ENR016   -­‐‑3.06   220   0.13   438  
ENR009   -­‐‑3.72   240   0.12   440  
ENR018   -­‐‑4.16   182   0.12   438  






























C29  Ster  ααα  
20S/(20S+20R)  
Ts/(Ts+Tm)   Diasteranes/steranes  
ENR005   7.28   0.59   0.11   0.53   0.58   1.13  
ENR015   6.48   0.59   0.08   0.54   0.57   1.24  
ENR004   5.98   0.58   0.11   0.54   0.57   1.14  
ENR014   5.68   0.59   0.08   0.56   0.56   1.19  
ENR003   5.18   0.59   0.09   0.54   0.58   1.17  
ENR002   4.48   0.59   0.08   0.55   0.56   1.14  
ENR001   3.28   0.59   0.08   0.52   0.56   1.12  
ENR006   2.08   0.58   0.08   0.52   0.57   1.08  
ENR007   1.28   0.59   0.10   0.53   0.56   1.11  
ENR008   0.48   0.59   0.09   0.54   0.57   1.09  
ENR013   0.44   0.58   0.08   0.54   0.57   1.16  
ENR012   -­‐‑0.42   0.58   0.08   0.55   0.56   1.13  
ENR011   -­‐‑0.86   0.59   0.08   0.55   0.59   1.24  
ENR010   -­‐‑1.74   0.59   0.08   0.56   0.58   1.19  
ENR017   -­‐‑2.4   0.59   0.08   0.57   0.57   1.32  
ENR016   -­‐‑3.06   0.59   0.10   0.55   0.52   1.44  
ENR009   -­‐‑3.72   0.59   0.10   0.53   0.47   1.41  
ENR018   -­‐‑4.16   0.59   0.10   0.57   0.41   1.41  

































ENR005   7.28   0.06   0.19   2.71   11.3   0.23   1  
  
40  
ENR015   6.48   0.08   0.21   22.0   80.2   2.07   7.5  
  
26  
ENR004   5.98   0.07   0.21   26.1   115   2.45   10.8   40   44  
ENR014   5.68   0.08   0.24   23.4   101   2.31   9.9  
  
  
ENR003   5.18   0.06   0.21   15.7   62   1.54   6.1  
  
44  
ENR002   4.48   0.06   0.2  




ENR001   3.28   0.08   0.23   28.3   156   2.53   14   25   16  
ENR006   2.08   0.07   0.22  




ENR007   1.28   0.08   0.23   8.24   43.5   0.68   3.6  
  
20  
ENR008   0.48   0.07   0.22  




ENR013   0.44   0.06   0.21  
        
   25   34  
ENR012   -­‐‑0.42   0.06   0.23   18.5   131   1.48   10.4  
  
41  
ENR011   -­‐‑0.86   0.06   0.22   18.8   79.3   1.48   6.2  
  
64  
ENR010   -­‐‑1.74   0.07   0.24  




ENR017   -­‐‑2.4   0.12   0.28   50.4   192   3.42   13  
  
12  
ENR016   -­‐‑3.06   0.61   0.59   54.9   395   3.12   22.4   80   75  
ENR009   -­‐‑3.72   0.89   0.88   50.3   417   3.32   27.5  
  
69  
ENR018   -­‐‑4.16   1.41   1.41   27.6   390   1.69   23.9  
  
85  
























ENR005   7.28   0.86   0.33   0.23   0.38   2.05   2.51  
ENR015   6.48   0.69   0.33   0.22   0.39   1.72   2  
ENR004   5.98   0.76   0.32   0.22   0.39   2.88   3.1  
ENR014   5.68   0.71   0.33   0.22   0.39   1.91   1.98  
ENR003   5.18   0.71   0.33   0.23   0.39   2.47   2.12  
ENR002   4.48   0.65   0.32   0.22   0.39   2.07   1.78  
ENR001   3.28   0.64   0.34   0.22   0.39   1.92   1.93  
ENR006   2.08   0.63   0.33   0.23   0.39   2.15   1.83  
ENR007   1.28   0.68   0.33   0.22   0.39   2.53   2.2  
ENR008   0.48   0.67   0.34   0.22   0.38   2.23   1.87  
ENR013   0.44   0.64   0.33   0.23   0.39   2.09   1.58  
ENR012   -­‐‑0.42   0.66   0.34   0.22   0.38   2.19   1.73  
ENR011   -­‐‑0.86   0.63   0.34   0.22   0.38   2.31   1.63  
ENR010   -­‐‑1.74   0.59   0.34   0.22   0.38   2.38   1.83  
ENR017   -­‐‑2.4   0.58   0.34   0.21   0.39   2.51   1.98  
ENR016   -­‐‑3.06   0.21   0.32   0.2   0.41   2.6   2.35  
ENR009   -­‐‑3.72   0.19   0.29   0.2   0.44   2.58   2.29  
ENR018   -­‐‑4.16   0.16   0.29   0.18   0.46   2.51   2.23  
ENR019   -­‐‑5.04   0.22   0.29   0.19   0.46   2.54   2.33  
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Iso  ug/  g  
TOC  










ENR005   7.28   4.38   7.84   0.9   0.54   2.24   0.12   0.48   0.02   0.09  
ENR015   6.48   2.6   8.57   1.02   4.82   17.5   1.24   4.5   0.22   0.81  
ENR004   5.98   4.32   8.22   1   3.5   15.4   0.81   3.59   0.16   0.69  
ENR014   5.68   2.89   8.48   1.14   4.4   19.0   1.04   4.47   0.2   0.85  
ENR003   5.18   3.3   8.5   1   2.16   8.54   0.49   1.95   0.12   0.46  
ENR002   4.48   2.82   8.36   1                    
ENR001   3.28   2.75   7.01   1.1   2.87   15.8   0.50   2.73   0.12   0.67  
ENR006   2.08   3.17   7.95   0.9                    
ENR007   1.28   3.42   7.91   1.1   0.57   2.99   0.11   0.56   0.02   0.13  
ENR008   0.48   3   7.45   1   1.8   9.15   0.35   1.78   0.06   0.31  
ENR013   0.44   2.57   6.7   0.8                    
ENR012   -­‐‑0.42   2.75   6.65   1.27   1.38   9.75   0.25   1.77   0.05   0.35  
ENR011   -­‐‑0.86   2.5   7.06   1.1   1.94   8.16   0.41   1.74   0.09   0.4  
ENR010   -­‐‑1.74   2.48   6.97   0.8                    
ENR017   -­‐‑2.4   2.2   7.51   1.26   2.85   10.8   0.51   1.94   0.08   0.3  
ENR016   -­‐‑3.06   1.16   4.44   2.15   0.95   6.85   0.07   0.5   0   0  
ENR009   -­‐‑3.72   1.17   3.74   2.1   0.14   1.14   0.01   0.08   0   0  
ENR018   -­‐‑4.16   1.01   3.92   3.06   0.03   0.36   <0.01   0.03   0   0  

























ENR005   7.28   -­‐‑31.5   -­‐‑32.2   -­‐‑32.3   -­‐‑32.9   -­‐‑32.3   -­‐‑31.4   -­‐‑31.5   -­‐‑32.2  
ENR015   6.48   -­‐‑32.6   -­‐‑32.2   -­‐‑33.4   -­‐‑32.7   -­‐‑32.5   -­‐‑31.8   -­‐‑32.3   -­‐‑32.3  
ENR004   5.98   -­‐‑32.5   -­‐‑32.6   -­‐‑33.3   -­‐‑32.8   -­‐‑32.5   -­‐‑31.6   -­‐‑32.2   -­‐‑32.5  
ENR014   5.68   -­‐‑33.1   -­‐‑33.2   -­‐‑33.3   -­‐‑32.9   -­‐‑32.7   -­‐‑32.1   -­‐‑32.7   -­‐‑32.5  
ENR003   5.18   -­‐‑32.7   -­‐‑32.8   -­‐‑32.9   -­‐‑32.8   -­‐‑32.4   -­‐‑32.3   -­‐‑32.6   -­‐‑33.0  
ENR001   3.28   -­‐‑33.0   -­‐‑33.2   -­‐‑33.9   -­‐‑32.9   -­‐‑32.8   -­‐‑32.2   -­‐‑32.5   -­‐‑31.9  
ENR007   1.28   -­‐‑33.0   -­‐‑32.9   -­‐‑33.9   -­‐‑32.8   -­‐‑32.7   -­‐‑32.7   -­‐‑32.6   -­‐‑33.0  
ENR008   0.48   -­‐‑32.8   -­‐‑32.5   -­‐‑32.8   -­‐‑32.6   -­‐‑32.4   -­‐‑32.4   -­‐‑33.1   -­‐‑32.3  
ENR012   -­‐‑0.42   -­‐‑33.2   -­‐‑32.8   -­‐‑33.7   -­‐‑33.1   -­‐‑32.5   -­‐‑32.2   -­‐‑32.3   -­‐‑32.6  
ENR011   -­‐‑0.86   -­‐‑32.7   -­‐‑32.9   -­‐‑33.9   -­‐‑32.7   -­‐‑32.6   -­‐‑32.5   -­‐‑33.2   -­‐‑33.2  
ENR017   -­‐‑2.4   -­‐‑32.7   -­‐‑32.7   -­‐‑33.6   -­‐‑32.6   -­‐‑32.5   -­‐‑31.4   -­‐‑32.2   -­‐‑31.4  
ENR016   -­‐‑3.06   -­‐‑31.6   -­‐‑30.9   -­‐‑30.8   -­‐‑30.9   -­‐‑30.6         -­‐‑27.8  
ENR009   -­‐‑3.72   -­‐‑31.8   -­‐‑31.2   -­‐‑31.2   -­‐‑31.1   -­‐‑31.1   -­‐‑28.5   -­‐‑28.9   -­‐‑28.9  
ENR018   -­‐‑4.16   -­‐‑31.7   -­‐‑30.8   -­‐‑30.5   -­‐‑31.2   -­‐‑31.0   -­‐‑28.0   -­‐‑28.7   -­‐‑28.8  
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A  comprehensive  biomarker  record  of  green  and  purple  sulfur  bacteria  (GSB  and  
PSB,   respectively)   in   marine   systems   is   required   to   test   whether   the   prevalence   of  
anoxygenic  photosynthesis   is   coherent  with  models  of  ocean  redox  evolution   through  
geologic   time.  For   this  purpose,  marine   rock  extracts  and  oils   from   the  Proterozoic   to  
the   Paleogene   were   analyzed   for   saturated   and   aromatic   C40   carotenoid   carbon  
skeletons   using   new   analytical   methods.   Gas   chromatography   coupled   with   tandem  
mass   spectrometry   revealed   new   temporal   distributions   for   okenane,   chlorobactane,  
and   paleorenieratane.   According   to   conventional   paleoredox   interpretations,   the  
revised   stratigraphic  distribution  of   the  GSB  and  PSB  biomarkers   implies   that  marine  
photic  zone  euxinia  (PZE)  occurred  more  frequently  in  the  surface  ocean  (<  24  m)  in  the  
geologic  past  than  was  previously  thought.    
We  reexamine  what   the  evidence   is  supporting  a  planktonic  source  of  okenone  
and   chlorobactene   in   marine   water   columns   with   atmospheric   oxygen   levels   near  
modern   values.   Accordingly,   we   review  modern   environmental   distributions   of   GSB  
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and   PSB   and   their   corresponding   carotenoids   in   order   to   evaluate   all   possible  
explanations   and   sources   for   GSB   and   PSB   carotenoids,   and   we   propose   alternative  
interpretations   of   GSB   and   PSB   carotenoids   in   the   geologic   record.   To   date,   their  
biological   precursors,   okenone   and   chlorobactene,   have   been   identified   in   restricted  
coastal   embayments,   fjords,   and   lake   systems,   but   they   have   yet   to   be   detected   in  
unrestricted,   fully   marine   environments   despite   the   existence   of   transiently   sulfidic  
marine  systems  in  the  modern  ocean.  We  propose  that  in  some  cases  the  GSB  and  PSB  
biomarkers  may   not   reflect   an   autochthonous   PZE  water   column   signature,   but   they  
could  instead  reflect  alternative  environmental  features,  including  basin  restriction,  mat  
communities,   or   transported   organic   matter.   Additional   studies   of   cultured   taxa,  
modern   environments,   and   transport   pathways   are   required   to   assess   the   range   of  
phototrophic  sulfur  bacterial  carotenoid  sources.  
  
4.1  INTRODUCTION  
The  diagenetic  products  of  pigments  from  GSB  and  PSB  are  common  paleoredox  
proxies  used  to  identify  past  intervals  of  PZE  (e.g.  Summons  and  Powell,  1986;  Brocks  
et  al.,  2005).  This  is  due  to  the  dual  physiological  requirements  of  GSB  and  PSB  for  light  
and  reduced  sulfur  species  (Overmann,  2008;  Bryant  et  al.,  2012).  Nearly  three  decades  
of   organic   geochemical   studies   reveal   isorenieratane   as   the   most   widely   distributed  
sedimentary   aromatic   C40   carotenoid   in   marine   sediments,   marine   rock   extracts,   and  
marine  petroleum  samples  through  geologic  time  (e.g.  Sinninghe  Damsté  and  Schouten,  
2006),  so  it  is  not  surprising  that  it  is  the  primary  aromatic  C40  carotenoid  that  is  targeted  
as   a   photic   zone   euxinia   (PZE)   marker   in   paleoenvironmental   reconstructions.  
However,   other   sedimentary   C40   carotenoids   can   offer   valuable   information   (Fig.   1),  
such   as   tighter   constraints   on   depth   of   hydrogen   sulfide   penetration   into   the   surface  
ocean  and   the  source  of   the  C40   carotenoid  assemblage  as  a  whole   (e.g.  planktonic  vs.  
mat).   In   comparison   to   isorenieratane,   the   aromatic   C40   carotenoids   chlorobactane,  
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okenane  and  paleorenieratane  are  rarely  reported  or  are  even  thought  to  be  limited  to  
specific   time   intervals.   Part   of   the   interpretative   power   gained   by   the   detection   of  
okenane   or   paleorenieratane   stems   from   their   infrequent   and   narrow   stratigraphic  
occurrence,  according  to  the  current  literature.  
Models   of   Earth’s   redox   history   predict   that   anoxygenic   photosynthesis  
represented  a  greater  proportion  of  marine  primary  production  during  the  Proterozoic  
compared  to  the  Phanerozoic  (Johnston  et  al.,  2009).  While  the  stratigraphic  distribution  
of  GSB  and  PSB  carotenoid  biomarkers  provide  an  independent  test  of  this  prediction,  
the  GSB  and  PSB  biomarker  records  in  marine  systems  have  never  been  compiled  and  
evaluated.   Moreover,   examining   the   stratigraphic   distributions   of   GSB   and   PSB  
biomarkers  could  highlight  gaps  and  weaknesses   in  the  conventional   interpretation  of  
this  biomarker  class.  Here,  we  offer  a  new  perspective  on  the  stratigraphic  distribution  
of  aromatic  C40  carotenoids  in  ancient  marine  systems  afforded  by  analyses  of  more  than  
50   sedimentary   rock   extracts   and   oils   from   the   Proterozoic   to   the   Paleogene   by   two  
tandem   mass   spectrometry   techniques:   gas   chromatography-­‐‑mass   spectrometry  
metastable  reaction  monitoring  (GC-­‐‑MRM-­‐‑MS)  and  triple  quadrupole  (GC-­‐‑QQQ-­‐‑MS).  
  
4.2  GSB  and  PSB  carotenoid  sources  
Chlorobactane   is   a   monoaromatic   C40   carotenoid   derived   from   the   pigment  
chlorobactene,  which   is   characteristic  of   the  green   species  of   the  GSB.   In   contrast,   the  
precursor  of   the  diaromatic  C40  carotenoid   isorenieratane,   isorenieratene,  derives   from  
the   brown   GSB   species,   although   not   exclusively   (Maresca   et   al.,   2008;   Bryant   et   al.,  
2012).   While   brown   GSB   can   live   in   very   low   light   conditions   as   deep   as   100   m   in  
stratified   basins   (Repeta   et   al.,   1989;   Overmann   et   al.,   1992)   and   in   deep   sea  
hydrothermal  vent  communities  (Beatty  et  al.,  2005;  Sylvan  et  al.,  2012),  the  green  GSB  
require  significantly  higher  light  intensities  and  dwell  higher  in  the  water  column  (Vila  
and  Abella,  1994).  Consequently,  the  detection  of  chlorobactane  in  geologic  samples  has  
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been  used   to   argue   for   euxinia   at  depths   as   shallow  as   15  m   in  ancient  marine  water  
columns   (e.g.   Kuypers   et   al.,   2002).   GSB   living   planktonically   and   in  microbial   mats  
both  produce  chlorobactene  (e.g.  Burke  and  Burton,  1988;  Wahlund  et  al.,  1991).  
Okenone   has   been   documented   in   at   least   eight   genera   of   the   Chromatiaceae  
family   of   PSB   and   is   the   only   known   precursor   of   the   reduced   monoaromatic   C40  
carotenoid   okenane   (Brocks   and   Schaeffer,   2008;  Hamilton   et   al.,   2014).   According   to  
observations  of  modern  systems,  planktonic  Chromatiaceae  that  produce  okenone  grow  
in  water   columns  where   the   oxic/anoxic   boundary   is   <24  m  and   in  most   cases   <12  m  
(Brocks   and   Schaeffer,   2008;  Meyer   et   al.,   2011;   Hamilton   et   al.,   2014).   Okenane   is   a  
proposed   marker   of   planktonic   Chromatiaceae,   but   the   potential   contribution   of  
okenane  from  mat-­‐‑dwelling  Chromatiaceae  in  the  geologic  record  is  currently  debated  
(e.g.  Caumette  et  al.,  1991;  Caumette  et  al.,  2004;  Brocks  and  Schaeffer,  2008;  Meyer  et  al.,  
2011;  Hamilton  et  al.,  2014).  Okenane  was  first  reported  in  rock  extracts  from  the  Barney  
Creek  Formation   (BCF;   1.64  Ga)   (Brocks   et   al.,   2005).  Until   recently,   okenane  had  not  
been   reported   in   marine   sedimentary   rock   extracts   or   oils   younger   than   the  
Paleoproterozoic  (Brocks  et  al.,  2005;  French  et  al.,  2014,  Saito  et  al.,  2014).  
The  biological  precursor  and  source  of  paleorenieratane,  which   is  a  2,3,6-­‐‑/3,4,5-­‐‑
trimethyl   substituted  C40   diaromatic   carotenoid,   are   unknown,   but   its   carbon   isotopic  
composition  and  frequent  co-­‐‑occurrence  with  and  structural  similarity  to  isorenieratane  
suggests  Chlorobi,  or  an  extinct  but  related  taxon,  as  a  potential  source  (Hartgers  et  al.,  
1994).   Paleorenieratane   is   regarded   as   an   “extinct”   biomarker   that   only   occurs   in   the  
Paleozoic  (Requejo  et  al.,  1992;  Hartgers  et  al.,  1994;  Koopmans  et  al.,  1996a),  so   it  has  
been   used   as   an   age-­‐‑specific   diagnostic   marker   (e.g.   Rashid   and   Grosjean,   2006;  





4.3  MATERIALS  AND  METHODS  
Sedimentary  aromatic   carotenoids  are   typically  analyzed  by  GC-­‐‑MS   in  selected  
ion  monitoring  (SIM)  mode,  but  GC-­‐‑MRM-­‐‑MS  has  been  previously  used  to  detect  aryl  
isoprenoids  (Summons  and  Powell,  1992;  Blumenberg  et  al.,  2012).  Instead  of  focusing  
on   aryl   isoprenoids,   which   are   less   source-­‐‑specific   than   the   intact   C40   carotenoids  
(Koopmans  et  al.,  1996b),  we  specifically  target  the  sedimentary  C40  carotenoids.  Here,  
we  report  the  application  of  GC-­‐‑MRM-­‐‑MS  and  GC-­‐‑QQQ-­‐‑MS  to  analyze  saturated  and  
aromatic   sedimentary   C40   carotenoids   simultaneously.   For   the   purpose   of   this   study,  
more  than  50  rock  extracts  and  oils  were  selected  to  cover  a  broad  range  of  time.  Table  1  
describes  the  samples  that  were  analyzed  for  this  study  by  GC-­‐‑MRM-­‐‑MS  and  GC-­‐‑QQQ-­‐‑
MS.  Aromatic,  saturated,  branched/cyclic,  and  hydrocarbon  (i.e.  only  the  polar  fraction  
was  removed)  fractions  from  rock  extracts  and  oils  were  analyzed  by  GC-­‐‑MS  in  MRM  
mode  using  a  Waters  Micromass  Autospec  Ultima.  Air  peaks  were  added  to  the  mass  
calibration  in  order  to  detect  the  low  M*  (M*=M22/M1)  values  for  the  diagnostic  540-­‐‑560  
Da  !   120-­‐‑135   Da   first   field   free   region   fragmentations   of   intact   C40   carotenoids   in  
double  sector  mass  spectrometers.  The  GC-­‐‑QQQ-­‐‑MS  was  operated  in  multiple  reaction  
monitoring  mode  using  an  Agilent  7000A  Triple  Quad  equipped  with  an  Agilent  7890A  
gas  chromatograph.  A  more  detailed  description  of  analytical  conditions  is  given  in  the  
supplementary  online  material  (SOM).  
Chlorobactane   and   okenane   were   identified   as   the   first   and   second   peaks,  
respectively,  of  a  doublet   in  chromatograms   for   the  554  !   134  MRM/QQQ  transition,  
whereas   paleorenieratane   eluted   before   isorenieratane   in   the   546  !   134   MRM/QQQ  
transition   (Fig.   2).  With   the   exception   of   paleorenieratane   and   γ-­‐‑carotane,   compound  
identification   for   the   MRM   analysis   was   confirmed   by   co-­‐‑elution   experiments   with  
synthetic   standards   and   a   rock   extract   from   the   BCF   (Brocks   et   al.,   2005).   The  
identification   of   paleorenieratane   for   MRM   analysis   was   confirmed   by   co-­‐‑elution  
experiments   with   an   Canning   Basin   Devonian   oil   sample,   Blina-­‐‑1,   which   contains  
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paleorenieratane  and  by  comparison  of  a  full  scan  mass  spectrum  with  published  mass  
spectra   (Requejo   et   al.,   1992).   All   carotenoid   identification   by   GC-­‐‑QQQ-­‐‑MS   was  
achieved  by  comparison  of  mass  spectra  and  relative  retention  times  to  published  full  
scan  data.  
Analysis   of   a   subset   of   rock   extracts   and   oils   by   both   MRM   and   QQQ  
demonstrates  that  both  methods  were  able  to  detect  the  same  sedimentary  carotenoids  
in   identical   samples   (Fig.   2).   Furthermore,   simultaneous   detection   of   saturated   and  
aromatic   C40   carotenoids   by  MRM   and   QQQ  methods   in   a   single   analysis   of   a   total  
hydrocarbon   fraction,   where   only   the   polar   and   asphaltene   fractions   were   removed,  
could  prove  more  efficient  in  future  studies  (Fig.  3).  The  MRM  and  QQQ  methods  can  
detect  saturated  C40  carotanes  (β-­‐‑carotane  and  γ-­‐‑carotane)  in  either  a  total  hydrocarbon  
fraction   or   in   a   saturated   hydrocarbon   fraction.   Likewise,   both  methods   could   detect  
diaromatic   C40   carotenoids   (isorenieratane,   renieratane,   and   renierapurpurane)   and  
monoaromatic   C40   carotenoids   (chlorobactane   and   okenane)   in   either   a   total  
hydrocarbon   fraction   or   in   an   aromatic   hydrocarbon   fraction.   There   is   no   significant  
difference   in   saturated   carotane   or   aromatic   carotenoid   detection   due   to  whether   the  
hydrocarbon   fraction   is   analyzed   in   a   single   analysis   or   whether   the   saturated   or  
branched/cyclic   fractions   are   analyzed   separately   from   the   aromatic   fraction   (Fig.   3).  
Only  MRM   chromatograms   are   used   to   illustrate   this   point   in   figure   3,   although   the  
same  point   applies   to   the  QQQ  analytical  method.  Lastly,  GC-­‐‑MRM-­‐‑MS  analysis  of   a  
dilution   series   of   standards   indicates   that   saturated   C40   carotanes,   diaromatic   C40  
carotenoids,  and  monoaromatic  C40  carotenoids  can  be  detected  to  concentrations  as  low  
as  ~10  pg.    
  
4.4  RESULTS  AND  DISCUSSION  
The  complete  C40  carotenoid  results  for  our  sample  set  are  summarized  in  Table  
1.   Sedimentary  C40   carotenoids  were  detected   in  numerous   rock  extracts   and  oils  of   a  
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broad  age  range.  As  is  commonly  the  case,  isorenieratane  or  paleorenieratane  were  the  
dominant   aromatic   C40   compounds   in   most   samples   that   we   analyzed.   However,   a  
different  distribution  is  observed  in  some  rare  cases,  such  as  the  Paleoproterozoic  BCF  
samples  (Brocks  and  Schaeffer,  2008),  Ediacaran-­‐‑Cambrian  boundary  South  Oman  Salt  
Basin   samples   (this   study),   and   Early   Triassic   samples   (Saito   et   al.,   2014).   In   these  
samples,   isorenieratane   is   either   below   detection   or   in   relatively   low   abundance  
compared  to  co-­‐‑occurring  chlorobactane  and  okenane.  
While   aromatic  C40   carotenoids  were  detected   in  many   samples,   they  were  not  
detected   in   every   sample   (Table   1;   Fig.   4).   For   instance,   they  were   not   detected   in   a  
marine  rock  extract  of  the  Early  Cambrian  Ouldburra  Formation.  Likewise,  the  aromatic  
C40  carotenoids  were  not  detected  in  the  rock  extracts  of  the  saline  lacustrine  Parakeelya  
Alkali  Member  of  the  Observatory  Hill  Formation,  but  β-­‐‑carotane  was  present  in  these  
samples.  Every  sample  was  analyzed  for  aromatic  C40  carotenoids,  but  not  all  of   these  
samples  were   analyzed   for   C40   carotanes.   However,   β-­‐‑carotane  was   present   in  many  
samples  that  were  analyzed  for  both  carotenoid  classes  (Table  1).    
  
Stratigraphic  Distribution  of  Aromatic  C40  Carotenoids  
Sinninghe   Damsté   and   Schouten   (2006)   and   Meyer   and   Kump   (2008)  
documented   the  occurrence  of  aromatic  carotenoid  derivatives   in  ancient  depositional  
systems.   These   lists   were   updated   and   modified   to   map   published   occurrences   of  
isorenieratane,   chlorobactane,   paleorenieratane,   and   okenane   only   in   marine  
environments   through   geologic   time   (Fig.   4A).   The   published   occurrences   used   to  
construct   figure   4A   are   listed   and   described   with   their   references   in   Table   S1.  
Combining  the  GC-­‐‑MRM-­‐‑MS  and  GC-­‐‑QQQ-­‐‑MS  results  with  the  published  occurrences  
demonstrates   that   these   compounds   are   surprisingly   ubiquitous   in   ancient   marine  
samples   (Fig.   4B).   While   this   study   focuses   on   the   more   diagnostic   C40   carotenoids  
(Koopmans   et   al.,   1996b),   aryl   isoprenoid  occurrences   in   ancient  depositional   systems  
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are  documented  elsewhere   (Sinninghe  Damsté  and  Schouten,  2006;  Meyer  and  Kump,  
2008).  
The  Paleoproterozoic  still  marks  the  first  recorded  occurrence  of   isorenieratane,  
chlorobactane,  and  okenane,  but  the  record  of  chlorobactane  was  extended  through  the  
Paleozoic  and  into  the  Neoproterozoic.  Okenane  was  detected  in  multiple  Phanerozoic  
marine  oils   and   rock  extracts.  Paleorenieratane  was  detected   in   samples   spanning   the  
Neoproterozoic   into   the   Early   Triassic,   suggesting   it   is   not   a   robust   age-­‐‑specific  
Paleozoic  marker.  According  to  Hartgers  et  al.  (1994),  unpublished  results  suggest  that  
paleorenieratane  may  even  extend  into  the  Mesozoic,  although  we  cannot  confirm  those  
observations  based  on  the  present  dataset.    
The  broader  stratigraphic  distribution  of  aromatic  C40  carotenoids   is   surprising.  
However,   it   is   important   to   note   that   figure   4   reflects   a   combination   of   factors   and  
biases,  and  that  the  record  is   incomplete.  Paleoenvironmental  and  depositional  factors  
are,   in  part,   responsible   for   the  occurrence  of  C40  carotenoids   in  geologic  samples,  but  
diagenetic   conditions   and   thermal   maturity   are   additional   controls   on   carotenoid  
preservation,  detectability,   and   representation   in  geologic   time.  The   early  oil  window  
(Tmax   <   ~445°C)   appears   to   represent   the   upper   limit   for   intact   C40   carotenoid  
preservation   (e.g.  Requejo  et   al.,   1992;  Lee  and  Brocks,   2011).  Furthermore,   sulfur   can  
significantly   affect   the   diagenetic   pathways   and  preservation   potential   of   carotenoids  
where   a   significant   fraction   of   carotenoids   can   be   bound   to   macromolecular   organic  
matter  (Sinninghe  Damsté  and  Schouten,  2006).  The  Mesozoic  has  greater  aromatic  C40  
carotenoid   density   compared   to   other   time   intervals   according   to   figure   4B,   but   this  
feature  could  be  a  product  of  preservation  biases  and  an  emphasis  on  OAE  paleoredox  
research.  In  contrast,  an  absence  of  GSB  and  PSB  carotenoids  during  specific  intervals,  
such  as  the  Carboniferous,  may  reflect  a  gap  in  stratigraphic  coverage  achieved  by  our  
sample   set,   rather   than   a   real   environmental   absence   of   GSB   and   PSB   during   that  
interval.  In  some  cases  where  aromatic  C40  carotenoids  were  not  detected,  only  a  limited  
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number   of   samples   were   analyzed   from   that   rock   formation.   However,   stratigraphic  
variability   can   be   significant,   meaning   that   future   studies   may   detect   aromatic   C40  
carotenoids  in  some  of  the  rock  formations  where  we  did  not  find  them.  
Future  studies  should  use  the  described  tandem  mass  spectrometry  methods  to  
screen  extractable  and  macromolecularly-­‐‑bound  hydrocarbons  with  a  thermal  maturity  
below   the   peak   oil  window,   regardless   of   age,   for   the   full   suite   of  C40   carotenoids   as  
opposed  to   just   isorenieratane  and  the   less  specific  aryl   isoprenoids   (Koopmans  et  al.,  
1996b).  Measuring  both  aromatic  and  saturated  C40  carotenoids  will  help  to  distinguish  
samples   that  do  not  contain  GSB  and  PSB  carotenoids  because   the  environmental  and  
depositional   conditions   were   not   suitable   for   their   production   from   samples   where  
diagenetic   conditions   or   thermal   maturity   prevented   carotenoid   preservation   (i.e.  
neither   saturated   nor   aromatic   C40   carotenoids   are   found).   In   doing   so,   some   of   the  
biases   reflected   in   figure   4  will   be  minimized,   and   it  will   be   possible   to   test   features  
such   as   the   prevalence   of   okenane   in   the   Mesozoic   or   the   timing   of   extinction   of  
paleorenieratane.  While   additional  measurements  will   add  greater  density   to  Fig.   4A,  
the  unexpected  stratigraphic  distribution  of  the  aromatic  C40  carotenoids  has  important  
implications  for  their  utility  as  autochthonous  water  column  paleoredox  proxies.    
  
Implications  of  Temporal  Distribution  
Models  of  ocean  paleoredox  chemistry  predict  that  anoxygenic  photoautotrophy  
represented   a   greater   fraction   of  marine   production   in   the   Proterozoic   relative   to   the  
Phanerozoic   (Johnston   et   al.,   2009).   Shallow   marine   euxinia   (<   24   m)   in   the  
Paleoproterozoic,   implied   by   okenane   and   chlorobactane,   is   coherent   with   inferred  
models  of  ocean  redox  chemistry  and  low  atmospheric  oxygen  levels  (Lyons  et  al.,  2009;  
Planavsky  et  al.,   2014).  However,   the  aromatic  C40   carotenoid  distribution  does  match  
the   first   order   prediction   that   the   occurrence   of   PSB   markers   decreases   in   the  
oxygenated   Phanerozoic   oceans   (Johnston   et   al.,   2009).   According   to   our   analyses,  
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Chromatiaceae   continued   to   proliferate   in   some   marine   environments   after   early  
Paleozoic  marine  oxygenation.    
There  are  several   factors   that  can  explain  why  the  GSB  and  PSB  biomarkers  do  
not  match  this  first  order  prediction.  For  example,  there  are  fewer  rocks  that  have  low  
enough  thermal  maturity  for  carotenoid  preservation   in   the  Precambrian  compared  to  
the   Phanerozoic.   This   type   of   preservation   bias   gives   rise   to   weaker   stratigraphic  
coverage   in   the  Precambrian  and   likely   contributes   to   the  more   infrequent   carotenoid  
occurrence   in   the  Proterozoic   relative   to   the  Phanerozoic.  Alternatively,   a   ferrigenous  
deep   ocean   during   the   Proterozoic   could   also   impact   the   GSB   and   PSB   carotenoid  
distribution  (Sperling  et  al.,  2013;  Lyons  et  al.,  2014),  such  as  their  apparent  absence  in  
the  Velkerri  Formation  of  the  Roper  Group.  
The  broader  stratigraphic  distribution  of  okenane  and  chlorobactane  could  mean  
that  marine  PZE  developed  in  the  surface  ocean  (<  24  m)  more  often  in  the  Phanerozoic  
than  was  previously  thought.  Chlorobactane,  which  was  previously  reported  during  the  
Cenomanian-­‐‑Turonian  oceanic  anoxic  event   (OAE-­‐‑2)   in  offshore  marine  environments  
where  total  water  depths  were  estimated  to  be  on  the  order  of  hundreds  of  meters,  was  
interpreted  as  reflecting  an  autochthonous  PZE  water  column  signature  (Kuypers  et  al.,  
2002;  van  Bentum  et  al.,  2009).  In  this  case,  seasonal  shoaling  of  the  mixed  layer  depth  
(MLD)  might  account  for  the  occurrence  of  chlorobactane  since  the  MLD  shoals  to  20  m  
or  less  in  nearly  half  of  the  modern  open  ocean,  particularly  in  upwelling  and  tropical  
regions   (Holte   et   al.   2010).   However,   marine   sediments   deposited   under   several  
hundreds   to   thousands   of   meters   of   water   become   exceedingly   rare   prior   to   the  
Cretaceous.  As   a   result,  many   studies   rely   on   coastal   and   ocean  margin   depositional  
environments  where  turbulent  mixing  tends  to  hinder  the  development  of  a  stable  and  
shallow  sulfidic   chemocline,  which   is   required   to   sustain  PSB  and  GSB  water   column  
production   of   okenone   and   chlorobactene.   However,   because   proxy   interpretations  
must   have   their   foundations   in   modern   environmental   observations,   experimental  
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measurements,   and/or   modeling   results,   we   can   evaluate   those   lines   of   evidence   to  
inform  the  interpretation  of  GSB  and  PSB  carotenoids  as  markers  for  water  column  PZE.    
Models  of  the  Permian-­‐‑Triassic  ocean  can  generate  sulfidic  water  columns  when  
upwelling   rates   and   phosphate   supply   are   sufficient,   which   could   support  
isorenieratane  observations   in  ancient   sedimentary   rocks   (Meyer   et   al.,   2008).  Even   in  
these  models,  however,   the  wind  mixed   surface  ocean   remains  oxygenated   (Meyer   et  
al.,   2008),   which   complicates   a   water   column   interpretation   of   chlorobactane   and  
okenane.   A   shallow   wind   mixed   surface   layer,   even   seasonally,   could   potentially  
accommodate   planktonic   GSB   and   PSB   production   of   chlorobactene   and   okenone.  
However,   models   do   not   address   photic   zone   variability,   leaving   an   important  
physiological   requirement  unconstrained.  This   could  be   significant  given   that   satellite  
images   illustrate   that   elemental   sulfur   formation   clouds   the   water   column   during  
sulfide   eruptions   on   the   Namibian   margin   (Weeks   et   al.,   2002).   For   these   reasons,  
modeling  evidence  alone  does  not  definitively   justify  a  planktonic  source   for  okenone  
and   chlorobactene   GSB   and   PSB   production   in   unrestricted   marine   environments.  
Further  support  is  required  from  observational  evidence  in  modern  systems.  
To   date,   the   only   known   marine   planktonic   production   of   okenone   and  
chlorobactene  occurs  in  small,  semi-­‐‑enclosed  fjords  and  gulfs  (Smittenberg  et  al.,  2004;  
Naeher   et   al.,   2012;).   These   coastal   environments   are   the  modern  marine   occurrences  
marked   in   figure   4A   for   chlorobactane   and   okenane,   yet   they   clearly   are   not  
representative   of   the   ancient   systems   we   would   like   to   characterize   for  
paleoenvironmental  reconstructions.  However,  there  are  more  comparable  examples  of  
unrestricted,  transiently  sulfidic,  marine  environments  in  the  modern  ocean,  such  as  the  
Namibian  margin  (e.g.  Weeks  et  al.,  2002).  Yet  neither  okenone  nor  chlorobactene  have  
been   reported   in  modern   transiently   sulfidic   upwelling   zones   or   even   the   Black   Sea,  
where  isorenieratene  has  been  documented  (Repeta  et  al.,  1989).    
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The  environmental  distributions  of  GSB  and  PSB  carotenoids  in  modern  systems  
leads  to  a  ‘no  analog  problem’  that  complicates  the  interpretation  of  chlorobactane  and  
okenane   in   Phanerozoic   marine   samples.   For   example,   sulfidic   chemocline   depth  
estimates   based   on   GSB   and   PSB   pigments   in   modern   lake   systems   (Brocks   and  
Schaeffer,   2008)  may  not  directly   translate   to  marine  water   columns  because   the   light  
quality  and  controls  on  mixing  are  different  than  in  marine  systems.  Furthermore,  the  
modern  environmental  distributions  of  GSB  and  PSB  and   their  associated  carotenoids  
do   not   offer   support   for   autochthonous   planktonic   PSB   and   GSB   production,  
particularly   at   shallow  depths   (<   24  m),   in   ancient  unrestricted  marine   environments.  
However,  modern  observations  provide  alternative  explanations   for   the  occurrence  of  
chlorobactane  and  okenane   in  Phanerzoic  marine   systems,   including  basin   restriction,  
microbial  mat  production,  and  organic  matter  transport.  
GSB   and   PSB   and   their   associated   carotenoids   are   commonly   found   in   lakes,  
fjords,   lagoons,   coastal   embayments,   and   restricted   basins   (Overmann,   2008).   Basin  
restriction   is   a   common   feature   of   these  modern   environments,   suggesting   that   basin  
restriction   is   an   important   factor   in   sustaining   a   chemocline   that   is   conducive   for  
planktonic   GSB   and   PSB   production.   Therefore,   basin   restriction   could   explain   some  
carotenoid  occurrences  in  the  geologic  record.  The  association  of  basin  restriction  with  
modern   environments   that   host   planktonic  GSB   and  PSB  underscores   the   importance  
interpreting   the   carotenoid   biomarkers   in   the   context   of   robust   information   about  
depositional   settings   as   well   as   physiological   and   environmental   controls   on   their  
biosynthesis  (Vogl  and  Bryant,  2012;  Smith  et  al.,  2013).    
GSB  and  PSB  can  live  planktonically  as  well  in  microbial  mats  (Overmann,  2008),  
so  microbial   mats   could   be   an   additional   source   of   GSB   and   PSB   carotenoids   in   the  
geologic  record.  While  microbial  mats  are  not  always  preserved  in  the  rock  record,  they  
are   associated  with   some   rocks   deposited   during   anoxic   events,   including   some   that  
contain  GSB  markers  (Schouten  et  al.,  2000;  Rohl  et  al.,  2001;  Gorin  et  al.,  2009;  Pacton  et  
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al.,   2009;  Marynowski   et   al.,   2011;  Kazmierczak   et   al.,   2012).   Finally,   recent  work   has  
highlighted   that   planktonic   and   benthic   purple   sulfur   bacteria   can   have   close  
phylogenetic   relationships   (Hamilton   et   al.,   2104),   further   complicating   the  
interpretation  of  GSB  and  PSB  carotenoid  biomarkers  in  geologic  samples.  
Lateral   advection   and   transport   of   organic   matter   can   significantly   affect  
biomarker   interpretation.   A   study   based   on   subfossil   16S   rRNA   discovered   that   the  
sequences   in  Mediterranean   sapropels   derived  more   from   the   freshwater   or   brackish  
types   of   GSB   rather   than   the   marine   type,   and   GSB   markers   were   present   even   in  
sediment   layers   deposited   under   oxic   conditions   (Coolen   and   Overmann,   2007).  
However,  these  findings  remain  controversial  (Sinninghe  Damsté  and  Hopmans,  2008).  
Nevertheless,   the   possibility   remains   that   the   C40   carotenoids   could   have   been  
transported  from  restricted  coastal  water  columns  or  sedimentary  sources.  
The   compiled   record   of   marine   aromatic   C40   carotenoids   depicted   in   figure   4  
represents  multiple  types  of  depositional  environments  and  potentially  a  composite  of  
environmental   sources   (water   column   vs.   sedimentary   and   autochthonous   vs.  
allochthonous).   At   present,   distinguishing   the   paleoenvironmental   origins   of  
phototrophic   sulfur   bacterial   carotenoids   in   ancient   sedimentary   rocks   with   limited  
depositional   constraints   on   water   column   depths   and   basin   geometry   remains   a  
challenge   that   affects   the  utility  of   these  biomarkers   as  paleoredox  proxies.  However,  
integrating   these  new  data  with   corresponding  patterns  of   sedimentology,   facies,   sea-­‐‑
level,  paleolatitudes,  and  biomarkers  will   further  elucidate   the   source  of   the  GSB  and  
PSB  carotenoids  in  the  geologic  record.    
Sedimentary  aromatic  C40  carotenoids  are  found  in  shales  and  carbonates  (Table  
1).   They   are   often   associated   with   particular   depositional   environments,   including  
ancient  lagoons  or  carbonate  platform  systems  (e.g.  Koopmans  et  al.,  1996a;  Van  Kaam-­‐‑
Peters   and   Sinninghe   Damsté,   1997;   Marynowski   et   al.,   2000;   Sepúlveda   et   al.,   2009;  
Melendez  et  al.,  2013),  although  not  exclusively  (French  et  al,  2014).  Furthermore,  these  
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compounds   appear   to   be   common   constituents   of   source   rock   organic   matter   and  
petroleums,  suggesting  that   the  environmental  conditions  conducive  for  GSB  and  PSB  
production   are   often   related   to   conditions   that   facilitate   the   formation   of   petroleum  
source  rocks.     Future  work  should  test  whether  patterns  emerge  from  the  relationship  
between   C40   carotenoids,   sedimentology,   and   facies   that   could   inform   the  
environmental  source  of  these  biomarkers.  
Additionally,  sea  level  could  influence  the  GSB  and  PSB  carotenoid  stratigraphic  
distribution.  Shallow,  epeiric  seas  could  promote  phototrophic  mat  growth  or  facilitate  
the   formation  of   restricted   shallow  basins,   although   the   connection  between   sea   level  
and  GSB  and  PSB  production  is  not  well  constrained  at  present.  Indeed,  chlorobactane  
and   okenane   according   to   the   available   stratigraphic   distribution   data   appear   to   be  
prominent  in  the  Mesozoic,  which  is  an  interval  that  was  dominated  by  epicontinental  
seas  and  was  a  period  of  prolific  source  rock  formation.  However,  future  studies  should  
test   how   much   of   the   stratigraphic   carotenoid   density   in   the   Mesozoic   is   due   to  
preservation  and  sampling  bias.  
Latitudinal  deposition  affects  light  intensity  in  the  water  column  where  the  high  
light  requirements  of  planktonic  PSB  and  the  green  strain  of  GSB  would  most  likely  be  
accommodated   in   oligotrophic  waters   at   tropical   latitudes.   Indeed,   chlorobactane   has  
been  found  in  sediments  that  were  deposited  between  ~0-­‐‑20°N  during  the  end  Permian  
mass  extinction  (Yin  2005;  Hays  2010)  and  OAE-­‐‑2  (Kuypers  et  al.,  2002;  van  Bentum  et  
al.,   2009).   But   low   latitudinal   deposition   is   not   exclusively   characteristic   of  
chlorobactane  and  okenane  occurrence.  For  example,  chlorobactane  and  okenane  were  
deposited   at   paleolatitudes   >30°N   during   the   end   Permian   mass   extinction   and   its  
recovery   (Hays  et  al.,   2007;  Saito  et  al.,   2014)  and   the  Toarcian  OAE  (Bassoullet  et  al.,  
1993;  Schouten  et  al.,  2000;  French  et  al.,  2014).  Paleolatitude  should  be  considered  in  the  
interpretation  of  GSB  and  PSB  carotenoids  in  future  work,  yet  the  precise  relationship  
between  latitudinal  deposition  and  aromatic  C40  carotenoids  is  not  yet  fully  known.  
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Finally,   integrating   the   aromatic   C40   carotenoid   data   with   complementary  
biomarkers  could  also  inform  the  source  of  the  GSB  and  PSB  biomarkers.  For  example,  
many   samples   containing   aromatic   C40   carotenoids   also   contain   other   potentially  
informative  hydrocarbons,  such  as  β-­‐‑carotane  (e.g.  this  study),  gammacerane  (e.g.  Cao  
et  al.,  2009;  Grosjean  et  al.,  2009;  Sepulveda  et  al.  2009;  Kelly  et  al.  2011;  Marynowski  et  
al.,  2011;  French  et  al.,  2014),  monomethylalkanes  (e.g.  Grosjean  et  al.,  2009;  Sepúlveda  
et  al.  2009;  Kelly  et  al.  2011;  Marynowski  et  al.,  2011).  Together,   these  biomarkers  and  
perhaps  others  could  be  used  to  better  constrain  the  role  of  basin  restriction  or  mats  in  
samples   that   contain   GSB   and   PSB   carotenoids.   However,   future   work   is   needed   to  
evaluate   the   precise   relationship   between   GSB   and   PSB   carotenoids   and   other  
potentially  informative  biomarker  compounds.  
  
4.5  CONCLUSIONS  
Our   study   has   established   the   utility   of   tandem   mass   spectrometry   for   the  
detection  of  saturated  and  aromatic  C40  carotenoid  carbon  skeletons.  The  application  of  
these   methods   illustrates   that   temporal   and   paleoenvironmental   distributions   of  
aromatic   C40   carotenoids   in   marine   systems   have   been   understudied.   The   revised  
secular   distributions   of   these   compounds  may   signify  more   frequent   shallow  marine  
PZE   (<24  m)   than  was  previously   thought,   particularly   in   the  Phanerozoic.  However,  
modern  analogs  for  planktonic  production  of  okenone  and  chlorobactene  are  lacking  in  
unrestricted  marine   environments.  While   it   is   possible   that   planktonic   GSB   and   PSB  
thrived  in  unrestricted  water  columns  in  past  oceans  but  not  in  the  present  ocean,  there  
are   alternative   explanations   for   the   occurrence   of   GSB   and   PSB   carotenoids   in   the  
geologic   record   that   are   supported   by   contemporary   environments,   including   basin  
restriction,  microbial  mats,   and   allochthonous   transport.   There   is   no   reason   to   expect  
that   these   factors,   which   consistently   characterize   GSB   and   PSB   production   and  
sedimentary  archives  today,  would  not  have  operated  in  ancient  systems.  Additionally,  
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improved   understanding   of   the   physiological   and   biosynthetic   capacities   of   natural  
populations   of  GSB   and  PSB  would   strengthen  paleoenvironmental   interpretations   of  
their   biomarkers.   The   challenge   going   forward   is   to  distinguish   autochthonous  water  
column   sources   that   provide   information   about   global   environmental   change   from  
other   sources   of   phototrophic   sulfur   bacterial   carotenoids,   particularly   when  
depositional  environmental  information  is  limited  or  conflicting.    
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Figure  1.  Structures  of  C40  carotenoids  showing  the  transformation  from  the  biological  
precursor   (left)   to   the   diagenetic   product   (right).   The   diagenetic   products   are   labeled  
with  their  molecular  ion  mass  to  charge  ratio.  
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Figure   2.   MRM   and   QQQ   chromatograms   of   aromatic   C40   carotenoids   identifying  
chlorobactane  (C),  okenane  (O),  paleorenieratane  (P),  isorenieratane  (I),  and  renieratane  
(R).  Chlorobactane  and  okenane  were  detected  in  a  Triassic  oil  (IQ002)  by  MRM  (B)  and  
QQQ  (C).  These  results  are  compared  to  the  MRM  results  of  the  combined  synthetic  C40  
standard   (A).   Paleorenieratane,   isorenieratane,   and   renieratane   were   detected   in   a  
Neoproterozoic  oil  (ES036)  by  MRM  (E)  and  QQQ  (F),  and  these  results  are  compared  to  
the   MRM   results   of   a   previously   characterized   Devonian   oil   (D).   The   difference   in  
































Figure   3.   Simultaneous   detection   of   aromatic   and   saturated   sedimentary   C40  
carotenoids  by  tandem  mass  spectrometry.  Figures  A-­‐‑D  show  MRM  results  of  Blina  oil  
(Devonian)   fractions.   Aromatic   C40   carotenoids   can   be   detected   in   hydrocarbon  
fractions,   which   include   both   saturated   and   aromatic   compounds,   and   aromatic  
fractions   (A   and  B).   Saturated  C40   carotanes   can  be  detected   in  hydrocarbon   fractions  
and  saturated  fractions  (C  and  D)  or  branched/cyclic  fractions  (not  shown).  Compounds  
are   labeled   numerically:   1.   Chlorobactane;   2.      Paleorenieratane;   3.   Isorenieratane;   4.  









Figure   4.   Stratigraphic  distribution  of   aromatic  C40   carotenoids  according   to   current  
literature   (A)   and   our   new  QQQ   and  MRM   results,   where   the   published   results   are  
represented   in   faded   color   tones   for   comparison   (B).   The   dashed   lines   in   panel   B  
represent   sample   age  uncertainty,   and   a   red   symbol  marks   the   change  of   the  vertical  
scale   in   the  Precambrian   compared   to   the  Phanerozoic.   Isorenieratane,   chlorobactane,  
paleorenieratane,   and   okenane   are   brown,   green,   blue,   and   purple,   respectively.  
Samples  that  were  analyzed  by  MRM  but  did  not  contain  aromatic  C40  carotenoids  (Aro  
C40  nd)  are  represented  in  grey  in  panel  B.         
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Late Paleocene to 
Early Oligocene 1, 2, 4, 5 IN0093 HC Iran Zagros Fold Belt  Qaleh-Nar  
carbonate ramp to 
basin; Pabdeh Fm. Oil QQQ 
(Mohseni and Al-Aasm, 2004; 
Mohseni et al., 2011) 




1, 2, 4, 5 SY0013 HC Syria Eastern Syria Tishreen marine marl; Shiranish Fm.  Oil QQQ 
(Abboud et al., 2005; Jassim 




1, 2, 4, 5 SY0030 HC Syria Eastern Syria Shedadeh marine marl; Shiranish Fm. Oil QQQ 
(Abboud et al., 2005; Jassim 
and Al-Gailani, 2006) 
Upper Cretaceous 
(Albian) 1, 2, 4, 5 SY0003 HC Syria Eastern Syria Al Hol  
marine carbonate;  
Kazhdumi Fm. Oil QQQ 
(Katz, 1995b; Peters et al., 
2005) 
Lower Cretaceous 
(Albian) 1, 2, 5 IQ0010 HC Iraq Zagros Fold Belt  Injana 
marine marl; 
Kazhdumi Fm. Oil QQQ 
(Katz, 1995b; Peters et al., 
2005) 
Lower Cretaceous 
(Albian) 1, 2, 4, 5 IN0101 HC Iran Dibdibah Sub-basin Darguin 
marine carbonate;  
Kazhdumi Fm. Oil QQQ 
(Katz, 1995b; Peters et al., 
2005) 
Lower Cretaceous 1, 2, 5 IN0061 HC Iran Dibdibah Sub-basin Azedegan marine marl Oil QQQ na 








1, 2, 4, 5 IQ0034 HC Iraq Zagros Fold Belt  Kirkuk marine carbonate; Naokelekan Fm.? Oil QQQ (Abeed et al., 2011) 
Upper Jurassic 
(Oxfordian) 1, 2, 4, 5 SY0005 HC Syria Eastern Syria Leilak 
marine carbonate; 
Hanifa Fm. & 
equivalents 
Oil QQQ (Droste, 1990; Peters et al., 2005; Katz, 1995a) 
Upper Jurassic  
(Oxfordian) 1, 2, 4, 5 TK0019 HC Turkey Selmo-Raman  Raman 
marine carbonate; 
Hanifa Fm. & 
equivalents 
Oil QQQ (Katz, 1995a; Peters et al., 2005) 
Upper Jurassic 
(Oxfordian) 1, 2, 4, 5 TK0063 HC Turkey Diyarbakir  Magrip 
marine carbonate; 
Hanifa Fm. & 
equivalents 
Oil QQQ (Katz, 1995a; Peters et al., 2005) 
Upper Jurassic 
(Oxfordian) 1, 2, 4, 5 SY0067 HC Syria Eastern Syria Rumelan 
marine carbonate; 
Hanifa Fm. & 
equivalents 
Oil QQQ (Katz, 1995a; Peters et al., 2005) 
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Upper Jurassic 
(Oxfordian) 1, 2, 4, 5 KW0004 HC Kuwait 
Burgan Rumaila 
High  Minagish 
marine carbonate; 
Hanifa Fm. & 
equivalents 
Oil QQQ (Droste, 1990; Peters et al., 2005; Katz, 1995a) 
Upper Jurassic 
(Oxfordian) 1, 2, 5 SA0035 HC 
Saudi 
Arabia Summan Platform Rimthan 
marine carbonate; 
Hanifa Fm. & 
equivalents 




1, 2, 4, 5 IQ0016 HC Iraq Burgan Rumaila High Tuba 
marine carbonate; 
Najmah Fm. Oil QQQ 
(Fox and Ahlbrandt, 2002; 




1, 2, 4, 5 IQ0018 HC Iraq  Burgan Rumaila High Tuba 
marine carbonate; 
Najmah Fm. Oil QQQ 
(Fox and Ahlbrandt, 2002; 




1, 2, 4, 5 IQ0089 HC Iraq Southern Iraq West Qurna marine carbonate; Sargelu Fm. Oil QQQ 
(Jassim and Al-Gailani, 2006; 





1, 2, 4, 5 IQ0091 HC Iraq Southern Iraq West Qurna marine carbonate; Sargelu Fm. Oil QQQ 
(Jassim and Al-Gailani, 2006; 
Abeed et al., 2012; Peters et 
al., 2005) 
Middle  Jurassic 
(Bajocian-
Callovian) 
1, 2, 4, 5 IQ0013 HC Iraq Burgan Rumaila High  Rachi 
marine carbonate; 
Sargelu Fm. Oil QQQ 
(Jassim and Al-Gailani, 2006; 
Abeed et al., 2012; Peters et 
al., 2005) 
Middle  Jurassic 
(Bajocian-
Callovian) 
1, 2, 5 IQ0020 HC Iraq Zagros Fold Belt  Kirkuk marine carbonate; Sargelu Fm. Oil QQQ 
(Jassim and Al-Gailani, 2006; 
Abeed et al., 2012; Al-Ameri 










Sargelu Fm. Oil QQQ 
(Jassim and Al-Gailani, 2006; 
Abeed et al., 2012; Peters et 
al., 2005) 







(Abboud et al., 2005; Sadooni 
and Alsharhan, 2004) 





(Abboud et al., 2005; Sadooni 
and Alsharhan, 2004) 
Early Triassic (PT) 1, 2, 3 G2-1a, 2a Aros 
Western 
Canada Peace River na 




(Hays, 2010; Hays et al., 
2007) 
Early Triassic (PT) 1, 2, 4 G2-2b Aros 
Western 
Canada Peace River na 




(Hays, 2010; Hays et al., 
2007) 




Australia Canning (Blina) na marine shale Rock MRM  
(Long and Trinajstic, 2010; 
Edwards et al., 1997) 
Lower Silurian  1, 2, 3, 5 TK0004 HC Syria/ Turkey Kurkan-Karakoy  
Sahaban 
South 
distal marine shale; 
Mudawwara/ 
Qusaiba 
Oil QQQ (Konert et al., 2001) 
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Lower Silurian  1, 2, 3, 4, 5 TK0016 HC Syria/ Turkey Kurkan-Karakoy  Beykan 
distal marine shale; 
Mudawwara/ 
Qusaiba 
Oil QQQ (Konert et al., 2001) 
Lower Silurian  1, 2, 3, 4, 5 TK0017 HC Syria/ Turkey Kurkan-Karakoy  Barbes 
distal marine shale; 
Mudawwara/ 
Qusaiba 
Oil QQQ (Konert et al., 2001) 
Early-Middle 
Ordovician 1, 2, 3, 5, 6 
AGSO-299 HC, 
Aros, Sats Australia Canning (Dodonea-1) Goldwyer marine shale Oil MRM (Hoffmann et al., 1987) 
Middle Cambrian 1, 2, 3 AGSO 1316 Aros Australia Georgina (Mt Isa-1) 
Currant 
Bush marine carbonate 
Rock 
MRM 
(Boreham and Ambrose, 
2005; Glickson et al., 1985) 
Middle Cambrian 1, 2, 3 AGSO 1361 Aros Australia Georgina (Mt Isa-1) Inca marine carbonate 
Rock 
MRM  
(Boreham and Ambrose, 
2005) 
Middle Cambrian 1, 2 AGSO 5679 Aros Australia Georgina (Owen-2) Arthur Ck. marine 'hot shale' 
Rock 
MRM  
(Boreham and Ambrose, 
2005) 
Middle Cambrian 1, 3 AGSO 5683 Aros Australia Georgina (Owen-2) 
Thorntonia 
Limestone marine carbonate 
Rock 
MRM  




5, Aro C40 
nd 
AGSO 2357, 













(McKirdy et al., 1984; 
Southgate et al., 1989) 






Fm. marine marl 
Rock 
MRM  
(McKirdy et al., 1984; 
Kamali, 1995) 
Ediacaran-Early 









(Grosjean et al., 2009; Amthor 
et al., 2005) 
Ediacaran-Early 









(Grosjean et al., 2009; Amthor 
et al., 2005) 
Ediacaran-Early 
Cambrian 2, 4 OMR013 Aros Oman Ma-1 well 
Ara Group 







(Grosjean et al., 2009; Amthor 
et al., 2005) 
Late Ediacaran- 









(Kelly et al., 2011; Ulmishek, 
2001b; Ulmishek, 2001a) 
Late Ediacaran- 




Siberia Nepa-Botuoba Yaraktin 




(Kelly et al., 2011; Ulmishek, 
2001b; Ulmishek, 2001a) 
Riphean 1, 2, 3, 5, 6 ES020 HC, Aros, Br/Cy 
Eastern 





(Kelly et al., 2011; Ulmishek, 
2001b; Ulmishek, 2001a) 
Mesoproterozoic Aro C40 nd 
Urapunga-3, 
24.5 m Aros Australia Urapunga-3 Velkerri Fm. marine shale 
Rock 
MRM 
(Crick et al., 1988; Summons 
et al., 1988) 
a Isorenieratane is designated by 1. Chlorobactane is designated by 2. Paleorenieratane is designated by 3. Okenane is designated by 4. β-Carotane is designated by 5. 
γ-Carotane is designated by 6. “Aromatic C40 carotenoid not detected” designated by “Aro C40 nd  
b HC: hydrocarbon fraction; Sats: Saturated fraction; Br/Cy: Branched/Cyclic fraction; Aros: aromatic fraction
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4.8  SUPPLEMENTARY  ONLINE  MATERIAL:   1 
   2 
4.8.1  Analytical  conditions  for  GC-­‐‑MRM-­‐‑MS  and  GC-­‐‑QQQ-­‐‑MS:   3 
The  Waters  Micromass  Autospec  Ultima  was   equipped  with   an  Agilent   6890N   4 
gas  chromatograph  and  a  J&W  Scientific  DB-­‐‑5  fused  silica  capillary  column  (60  m  x  0.25   5 
mm  i.d.,  0.25  µμm  film  thickness)  using  He  as  carrier  gas.  The  GC  oven  was  ramped  from   6 
60°C  (1  min.)   to  155°C  at  15°C  /min  and  then   to  325°C  at  4°C/min,   finally  holding   for   7 
25.20  min.   Samples  were   injected   in   splitless  mode   into   a   PTV   injector   at   330°C.   The   8 
perfluorokerosene  (PFK)  tune  file  was  modified  to   include  a   lower  magnet  mass  from   9 
an  air  peak   in  order   to   improve  analysis  of   the   intact  C40  carotenoid  carbon  skeletons.   10 
The  MS  source  was  operated   in  EI-­‐‑mode  at  250°C  with  an   ionization  energy  of  70  eV   11 
and  an  8  kV  acceleration  voltage.  The  molecular   ion   to   fragment   ion   transitions  were   12 
acquired   as   two   consecutive   functions.   The   first   function   comprised   transitions   13 
corresponding   to   the   C14-­‐‑25   aryl   isoprenoids,   and   the   second   function   monitored   13   14 
transitions   including   the   C40   carotenoid   transitions,   which   had   a   total   cycle   time   of   15 
819.76  ms.  Due  to  the  different  intensities  of  the  m/z  133/134  base  peak  intensities,  the   16 
546  =>  134   transition   is   enhanced   for  paleorenieratane   relative   to   isorenieratane.  With   17 
the   exception   of   paleorenieratane   and   γ-­‐‑carotane,   compound   identification   for   the   18 
MRM  analysis  was  confirmed  by  co-­‐‑elution  experiments  with  synthetic  standards  and  a   19 
rock  extract  from  the  BCF  (Brocks  et  al.,  2005).  The  identification  of  paleorenieratane  for   20 
MRM   analysis   was   confirmed   by   co-­‐‑elution   experiments   with   a   Devonian   sample,   21 
Blina-­‐‑1,   from  Western  Australia   containing   paleorenieratane   and   by   comparison   of   a   22 
full  scan  mass  spectrum  with  published  mass  spectra  (Requejo  et  al.,  1992).     23 
The  GC-­‐‑QQQ-­‐‑MS  was  operated  in  multiple  reaction  monitoring  mode  using  an   24 
Agilent  7000A  Triple  Quad  equipped  with  an  Agilent  7890A  gas  chromatograph  and  a   25 
J&W  Scientific  DB-­‐‑5MS+DG  fused  capillary  column  (60  m  x  0.25  mm  i.d.,  0.25  µμm  film   26 
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thickness,  10  m  guard  column)  using  He  as  carrier  gas.  The  GC  oven  was  ramped  from   27 
40°C  (2  min.)  to  325°C  at  4°C  /min,  holding  for  25.75  min.  The  carrier  flow  was  ramped   28 
from  1.2  mL/  min.  (0  min.)  to  3.2  mL  /min.  Samples  were  injected  in  cold  splitless  mode   29 
at   45°C   and   the   injector   was   ramped   at   700°C   /min   to   300°C.   The   MS   source   was   30 
operated   in   EI-­‐‑mode   at   300°C   with   an   ionization   energy   of   -­‐‑70   eV.   The   number   of   31 
molecular   ion   to   fragment   transitions   varied   throughout   the   run;   dwell   time   was   32 
adjusted   as   needed   to   produce   3.5   cycles/second.   MS1   &  MS2   resolution   was   set   to   33 
“widest”.  The  collision  energy  for  β-­‐‑carotane  and  γ-­‐‑carotane  was  5  eV,  and  it  was  3  eV   34 
for   chlorobactane,   okenane,   paleorenieratane   &   isorenieratane.   Identification   of   all   35 
carotenoids  was  achieved  by  comparison  of  mass  spectra  and  relative  retention  times  to   36 
published  data  derived  from  full  scan  GC-­‐‑MS.   37 
A   dilution   series   of   synthetic   standards   were   analyzed   by   GC-­‐‑MRM-­‐‑MS   to   38 
estimate  a  limit  of  detection.  An  aliquot  of  β-­‐‑carotene  was  catalytically  hydrogenated  to   39 
28.6  mg  of  β-­‐‑carotane  using  PtO2,   hexane,   and  acetic   acid  while   continuously   stirring   40 
and   bubbling  H2  (g).   The   purity   of   the   hydrogenation   product  was   tested   by  GC,   and   41 
after  GC-­‐‑purity  was   achieved,   a   set   of   β-­‐‑carotane   standards   of   known   concentrations   42 
was   prepared.   The   concentrations   of   the   isorenieratane   and   chlorobactane   synthetic   43 
standards   (courtesy   of   Phillipe   Schaeffer)  were   determined   by   comparison   of   the   gas   44 
chromatography/   flame   ionization   detection   (GC-­‐‑FID)   peak   area   to   the   GC-­‐‑FID   peak   45 
area   of   a   β-­‐‑carotane   standard   of   known   concentration.   GC-­‐‑MRM-­‐‑MS   analysis   of   a   46 
dilution  series  of  β-­‐‑carotane,  isorenieratane,  and  chlorobactane  standards  indicates  that   47 
saturated  C40  carotanes,  diaromatic  C40  carotenoids,  and  monoaromatic  C40  carotenoids   48 
can  be  detected  to  concentrations  as  low  as  ~10  pg.     49 
   50 
4.8.2  Construction  of  the  Stratigraphic  Distribution  Plot   51 
Sinninghe   Damsté   and   Schouten   (Sinninghe   Damsté   and   Schouten,   2006)   52 
documented   the  occurrence  of  aromatic  carotenoid  derivatives   in  ancient  depositional   53 
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systems   through   geologic   time.   This   list   was   updated   and   modified   to   only   include   54 
isorenieratane,   chlorobactane,  paleorenieratane,  and  okenane   in  marine  environments.   55 
The  unsaturated  precursors  were   included  in  addition  to  the  hydrogenated  diagenetic   56 
products   so  occurrences  of   aromatic  C40   carotenoids   in  geologically  young  or  modern   57 
marine   samples   were   not   neglected.   Table   S1   includes   the   references   used   to   build   58 
figure  4A.  During  some  intervals,  particularly  Mesozoic  OAEs,  there  are  many  reports   59 
of  carotenoid  detection,  but   in  order  to  avoid  redundancy,  table  S1  only  lists  the  most   60 
comprehensive  references   for  a  given   time   interval,  emphasizing   the  oldest   references   61 
where  possible.     62 
The   geologic   time   scale   was   scaled   vertically,   but   the   vertical   time   scale   was   63 
multiplied   by   a   factor   of   6.25   in   the   Precambrian   compared   to   the   Phanerozoic.   A   64 
published   report   of   a   C40   carotenoid   was   treated   equally   as   single   band   of   constant   65 
thickness  because  age  control  was  rarely  good  enough  to  determine  the  precise  duration   66 
of  carotenoid  occurrence.  A  slightly  thicker  band  was  used  to  represent  the  new  tandem   67 
mass  spectrometry  results   in  figure  4B.  A  dashed  vertical   line  was  used  to  denote  age   68 
uncertainty   for   some   of   the   oils   analyzed   for   this   study   where   the   uncertainty   was   69 
greater   than   the   band   thickness.   Table   1   lists   the   sample   information   for   the   samples   70 
analyzed  by  tandem  mass  spectrometry  for  this  study.  The  detection  of  isorenieratane,   71 
chlorobactane,   paleorenieratane,   and/or   okenane   in   these   samples   was   recorded   in   72 
Table   1.   Samples   containing   chlorobactane,   okenane,   and/or   paleorenieratane   always   73 
contained  additional  carotenoids,  such  as  isorenieratane,  renieratane,  renierapurpurane,   74 
β-­‐‑isorenieratane,  β-­‐‑renierapurpurane,  β-­‐‑carotane,  and/or  γ-­‐‑carotane.  However,  a  band   75 
representing  the  new  results  was  placed   into   figure  4B  only   if   that  specific  carotenoid   76 
had  not  been  reported  in  the  literature  during  that  time  interval.   77 
   78 
   79 
   80 
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Table  S1.  Literature  References  for  Construction  of  Figure  4A  
 
Age Aromatic C40 Carotenoid*  Locality References 
Holocene 1 Black Sea (Repeta et al., 1989; Repeta, 1993) 
Holocene 1, 2 Amvrakikos Gulf (Greece) (Naeher et al., 2012) 
Holocene 1, 4 Kyllaren Fjord (Smittenberg et al., 2004) 
Pliocene 1 Eastern Mediterranean Sapropels (ODP) (Passier et al., 1999) 
Messinian  1 Vena del Gesso Basin (Italy) (Kohnen et al., 1992) 
Messinian 1, 2 Gebellina Marl (Sicily) (Schaeffer et al., 1995) 
Oligocene  1 Menilite Formation (Poland) (Koopmans et al., 1996) 
ETM-2   1 Arctic Ocean (IODP) (Sluijs et al., 2009) 
PETM   1 Arctic Ocean (IODP) (Sluijs et al., 2006) 
OAE-3 1, 2 Deep Ivorian Basin (ODP) (Wagner et al., 2004) 
Late Turonian 1 Canje Formation (British Guyana) (Koopmans et al., 1996) 
OAE-2 1, 2 North Atlantic (DSDP & ODP)  (Kuypers et al., 2002; van Bentum et al., 2009) 
OAE-1b 1 Santana Formation (Brazil) (Heimhofer et al., 2008) 
OAE-1a 1 Venetian Alps (Italy) (van Breugel et al., 2007) 
Late Jurassic 1 Kimmeridge Clay (UK) (Koopmans et al., 1996) 
Late Jurassic  1, 2 Calcaires en Plaquettes (France) (Koopmans et al., 1996; Van Kaam-Peters and Sinninghe Damsté, 1997) 
Middle Callovian  1 Oxford Clay (UK) (Koopmans et al., 1996) 
Toarcian 1, 2 Northern Europe (Allgäu; Schistes Cartons; Posidionia) (Koopmans et al., 1996; Schouten et al., 2000) 
Toarcian OAE 1, 2, 4 Hawsker Bottoms; Cleveland Basin UK; MRM rock extract (French et al., 2014) 
Middle Sinemurian to Middle 
Hettangian 1 Frick Swiss Jura (Schwab and Spangenberg, 2007) 
 180 
Upper Hettangian 1 Northern Europe (Richoz et al., 2012) 
Norian-Rhaetian 1 Kössen Marl (Hungary) (Koopmans et al., 1996) 
Norian 1 Hauptdolomit (Germany) (Koopmans et al., 1996) 
Early–Mid Triassic; Olenekian–
Anisian 2, 4 Chaohu sections, South China (Saito et al., 2014) 
Early Triassic  1 Perth Basin (Australia) (Grice et al., 2005) 
Early Triassic 1, 2 Peace River (Canada) (Hays, 2010) 
Early Triassic to Late Permian 1, 2 Meishan (China)  (Cao et al., 2009; Hays, 2010) 
Late Permian 1 Kupferschiefer (Germany) (Schwark and Püttmann, 1990; Grice et al., 1996) 
Late Carboniferous  1 Minnelusa Formation (USA) (Koopmans et al., 1996) 
Early Carboniferous  1, 3 Exshaw Formation (Canada) (Koopmans et al., 1996) 
Upper Famennian 1, 3 Holy Cross Mountains (Poland) (Racka et al., 2010) 
Frasnian/Famennian 1, 3 Holy Cross Mountains (Poland) (Joachimski et al., 2001) 
Frasnain 1, 3 Duvernay Fm (Canada) (Requejo et al., 1992; Hartgers et al., 1993; Hartgers et al., 1994) 
Early–Mid Frasnian transition 1, 3 Holy Cross Mountains (Poland) (Marynowski et al., 2008) 
Middle Devonian; Givetian 1, 3 Keg River Formation (Canada) (Behrens et al., 1998) 
Late Ordovician–Early Silurian  1, 3 Batra Formation (Jordon) (Armstrong et al., 2009) 
Late Ordovician 1, 3 Boas Oil Shale (Canada) (Koopmans et al., 1996) 
Caradocian 1 Decorah Formation (USA) (Pancost et al., 1998) 
Middle Ordovician 1, 3 Womble Shale (USA) (Koopmans et al., 1996) 
Late Cambrian 1 Hagen Member (Australia) (Boreham and Ambrose, 2005) 
Middle Cambrian 1 Arthur Creek Formation  (Australia) (Boreham and Ambrose, 2005) 
Middle Cambrian 1 Thorntonia Limestone (Australia) (Boreham and Ambrose, 2005) 
Late Paleoproterozoic 1, 2, 4 Barney Creek Formation (Australia) (Brocks et al., 2005) 
*Isorenieratane and Isorenieratene are designated by 1. Chlorobactane or Chlorobactene are designated by 2. Paleorenieratane is designated by 3. Okenane or 
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5.1  INTRODUCTION  
The   discovery   of   a   sedimentary   geologic   record   of   degradation   products   of  
photosynthetic   pigments   belonging   to   green   sulfur   bacteria   (1)   has   enabled   the  
identification  of  past   episodes  of  photic   zone   euxinia   (PZE).  PZE   is   the   occurrence  of  
sulfide   in   the   sunlit   layer  of   the  water   column  and  has  been   recorded   in   sedimentary  
rocks  deposited  more  than  1.6  billion  years  ago  (2).  These  sedimentary  carotenoids  have  
provided   the   basis   for   testing   Proterozoic   redox   structure   (2,   3),   evaluating   sulfide  
poisoning   as   a   possible   kill   mechanism   during   mass   extinctions   and   oceanic   anoxic  
events   (OAEs)   (e.g.   4,   5),   and   characterizing   the   marine   chemistry   in   contemporary  
ocean  basins  (6-­‐‑8).  However,  the  compilation  of  carotenoid  markers  of  green  and  purple  
sulfur  bacteria  (GSB  and  PSB,  respectively)  through  geologic  time  (detailed  in  chapter  4)  
raises   the   question   of  whether   these   biomarkers   exclusively   reflect   an   autochthonous  
water  column  signature,  which  has  been  the  classic  interpretation  (e.g.  5,  6,  9-­‐‑16).    
  
While   allochthonous   input   and   benthic  mat   production   of   GSB   and   PSB   carotenoids  
may   be   critical   aspects   of   interpreting   the   new   patterns   of   carotenoid   distribution   in  
geologic  time  (Chapter  4),  this  study  will  focus  on  the  “no  analog”  problem  discussed  in  
chapters   3   and   4.   One   of   the   driving   questions   is   whether   or   not   these   paleoredox  
proxies  truly  face  a  “no  analog”  problem  or  have  these  compounds  not  been  found  in  
relevant  analog  systems  because  of   inadequate   investigation.  When  possible,   the  most  
appropriate  contemporary  analog  systems  should  be  used  to  inform  our  interpretation  
of   past   environmental   conditions.   As   this   problem   currently   stands,   the   use   of  
sedimentary   GSB   and   PSB   carotenoids   in   ancient   samples   to   estimate   the   depth   of  
sulfide  penetration   into   the  photic   zone   is  based  on   studies  of   select  highly   restricted  
environments,   such  as   the  Black  Sea,  high   latitude   fjords,   and  stratified   lakes   (e.g.   17,  
18).  Yet  despite  the  restricted  nature  of  all  of  these  modern  settings,  basin  restriction  is  
rarely  inferred  from  the  presence  of  these  compounds  in  geologic  samples.  Instead,  the  
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phototrophic   sulfur   bacterial   carotenoids,   in   conjunction   with   inorganic   geochemical  
evidence,   have   been   used   to   build   a   model   of   expanded   sulfidic   oxygen   minimum  
zones   (OMZs)   during   Phanerozoic   OAEs.   This   is   in   contrast   to   the   more   traditional  
“ocean  stagnation”  model  which  has  been  shown  to  be  physically  unsustainable  (19-­‐‑24).  
However,   do   observations   of   transiently   sulfidic  OMZs   in   the  modern   ocean  provide  
evidence  for  GSB  and  PSB  production,  thereby  strengthening  the  traditional  paleoredox  
interpretation  of  the  C40  carotenoids?  
  
Although   there   is  no  observational  evidence   for   this  phenomena  so   far,  model   results  
show   that   a   sulfidic  water   column   can  develop  when  upwelling   rates   and  phosphate  
supply   are   sufficient,   thereby   accommodating   GSB   production   and   isorenieratane  
observations   in   ancient   sedimentary   rocks   (18,   24).  However,   there   are   no  models   or  
environmental   studies,   to   date,   that   verify   whether   reduced   sulfur   and   light  
requirements   for   PSB   and   okenone   production   can   be   established   and   sustained   in  
unrestricted   marine   water   columns   under   Phanerozoic   atmospheric   oxygen  
concentrations.   Even   if   models   were   able   to   demonstrate   that   a   stable   sulfidic  
chemocline   could   develop   in   unrestricted   marine   water   columns   at   shallow   enough  
depths   for   PSB   and   okenone   production   (<24   m)   (17),   the   water   column   irradiance  
would  also  have  to  be  assessed  in  parallel  with  the  development  of  sulfidic  conditions.  
As  seen  in  satellite  images  of  the  Namibian  margin,  the  water  column  becomes  turbid  
when  elemental  sulfur  is  generated  during  sulfide  eruptions,  which  likely  affects   light  
penetration   through   the   water   column   (25,   26).   Interestingly,   gene   sequences   that  
cluster   with   green   sulfur   bacteria   have   been   reported   from   the   Peruvian   oxygen  
minimum  zone  (OMZ)  and  the  Benguela  upwelling  system  off  the  coast  of  Namibia  (27,  
28),  yet  there  is  no  indendent  geochemical  evidence  that  supports  green  sulfur  bacterial  
activity   in   these   systems.  Coupled  with   the  possibility   of   a   “cryptic   sulfur   cycle”   (29,  
30),  these  observations  and  gaps  in  our  understanding  underscore  the  need  to  evaluate  
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transiently  sulfidic  OMZs  for  observational  evidence  of  green  and  purple  sulfur  bacteria  
and  their  pigments.    
  
Coastal   upwelling   of   nutrient   rich   waters   along   subtropical   eastern   boundaries,  
combined  with  poorly  ventilated  subsurface  waters  of  the  gyre  “shadow  zones”,  gives  
rise   to   the   unique   geochemistry   and   ecosystems   of   OMZs.   These   highly   productive  
regions  are,  therefore,  in  close  association  with  subsurface  waters  that  have  some  of  the  
lowest  oxygen  concentrations   in   the  global  ocean  (31).  While  studies  of  nitrogen  cycle  
dynamics  in  OMZs  have  been  a  key  focus  of  oceanographic  research  (e.g.  32-­‐‑34),  it  has  
been   proposed   that   a   sulfur   cycle   operates   in   the   OMZs   as   well   (27,   29,   30).   Sulfide  
plumes   have   been   detected   in  multiple   OMZs   (27,   35),   but   the   frequent   and   intense  
sulfide   eruptions   of   the   Benguela   upwelling   system   (25-­‐‑27,   36-­‐‑38),   located   along   the  
northeastern   part   of   the   South   Atlantic   subtropical   gyre,   makes   it   a   prime   natural  
laboratory   to   test   whether   phototrophic   sulfide   oxidation   by   GSB   and/or   PSB   is   an  
important   sulfide   removal   mechanism   in   the   water   column,   as   is   the   case   for  
chemolithotrophic   oxidation   of   sulfide   by   γ-­‐‑   and   ε-­‐‑proteobacteria   (27).   In   this   study,  
marine  sediments  from  the  Namibian  shelf  were  analyzed  for  photosynthetic  pigments  
of  GSB  and  PSB,   including  carotenoids  and  bacteriochlorophylls,  with   the  expectation  
that  the  sediments  will  have  integrated  the  water  column  signature  over  the  course  of  
many  sulfide  eruptions.  If  present,  the  detection  of  GSB  and  PSB  pigments  would  add  
an   important   independent   geochemical   line   of   evidence   for   a   “cryptic   sulfur   cycle”,  
would  provide  an  avenue  to  reconstruct  a  historical  record  of  sulfide  eruptions  on  the  
Namibian  margin,  and  would  strengthen  the  environmental  interpretation  of  GSB  and  
PSB  fossil  pigments  in  the  geologic  record.  
  
5.2  METHODS  
Sample  Collection  and  Curation  
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Marine   sediment   samples   were   collected   in   March   2014   during   a   cruise   of   the   RV  
Mirabilis   belonging   to   the   Namibian   Ministry   of   Fisheries   and   Marine   Resources.  
Samples  were   collected  at   regularly  monitored   stations  on   transects   of   the   23°S,   24°S,  
25°S,   26°S,   27°S   latitudes   in   water   depths   ranging   from   30   m   to   260   m   (Fig.   1).   A  
combination   of   sediment   cores   and   core   tops  were   collected,   but   grab   samples   were  
collected  when   coring  was   not   possible.  Many   of   the   recovered   samples,   particularly  
between   23-­‐‑25°S,   smelled   strongly   of   sulfide.   If   the   whole   core   was   collected   for  
pigment   analyses,   it  was   sectioned   on  deck   after   recovery   into   1   or   2   inch   thick   core  
samples.  The  samples  were  placed  into  labeled  plastic  bags  and  frozen  in  a  dark  freezer  
room  at   -­‐‑20°C.  Because   the  samples  were  collected  specifically   for  pigment  work  they  
were  kept  frozen  and  dark  in  a  cooler  after  collection  and  during  transport  to  MIT.  They  




The   samples  were   prepared   and   extracted   in   the   dark   or   under   low   light   conditions.  
The  sediments  were  freeze-­‐‑dried  for  approximately  1  day  until  the  water  was  removed.  
The  freeze-­‐‑dried  sediment  was  weighed  into  a  clean  centrifuge  tube.  A  range  of  1.5  to  
11.3  g  of  dried  sediment  in  clean  glass  centrifuge  tubes  was  extracted  by  sonication  with  
acetone  in  an  ice  bath  that  was  covered  to  keep  the  samples  dark  (Table  1).  The  samples  
were   sonicated   in   intervals   of   15  minutes   after  which   they  were   centrifuged,   and   the  
decanted  acetone  was  collected  as  the  pigment  extract.  This  process  was  repeated  seven  
times   for  each  extract.  The  samples  were  so  organic   rich   (39)   that   complete  extraction  
was   not   possible   using   this   extraction   method.   The   combined   acetone   extracts   were  
concentrated   at   room   temperature   under   a   gentle   stream   of   N2.   The   samples   were  
passed  through  a  filter  to  remove  particulates,  and  the  extract  was  weighed.  A  4-­‐‑6  mg  
aliquot   of   the   extract   was   transferred   to   an   amber   combusted   glass   insert   and   was  
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brought  up  in  a  total  of  200  µμL  of  acetone.  During  sample  preparation,  the  sample  and  
extract   was   handled   in   low   light   using   amber   glassware   when   possible   or   clear  
glassware   that   was   covered  with   aluminum   foil.   A   set   of   reference  materials,   which  
included  a  Fayetteville  Green  Lake  (FGL;  New  York)  sediment  (40),  a  piece  of  salt  pond  
mat  (courtesy  of  D.  Repeta)  (41),  spinach  leaves,  Chlorobium  tepidum  biomass  (courtesy  
of   D.   Bryant)   (42-­‐‑44),   was   also   prepared   according   to   the   same   acetone   extraction  
protocol.  However,  only  the  FGL  sediments  were  freeze-­‐‑dried  prior  to  extraction,  while  
the  other  reference  material  was  extracted  wet.  An  aliquot  of  the  bacteriochlorophyll  a  
(Bchl   a)   standard   from   Rhodopseudomonas   sphaeroides   (Frontier   Scientific)   was  
demetallated  using  98%   formic  acid   in  order   to  prepare  a   set  of  bacteriopheophytin  a  
standards.  
  
HPLC-­‐‑MS  analytical  conditions  
The   HPLC-­‐‑MS   method   was   modified   after   a   combination   of   previous   studies   of  
pigments   (41,  45,  46)  and  based  on  preliminary  analyses  of  reference  materials,  which  
included  isolated  isorenieratene  (courtesy  of  D.  Repeta),  a  salt  pond  mat  extract,  a  FGL  
sediment  extract,  a  Chlorobium  tepidum  biomass  extract,  a  spinach  extract,  a  β-­‐‑carotene  
standard,   a  bacteriochlorophyll  a   standard,   and  a  bacteriopheophytin  a   standard.  The  
pigment   analyses   were   performed   on   an   Agilent   1200   series   HPLC   coupled   to   an  
Agilent  6520  Q-­‐‑TOF  mass  spectrometer  (MS),  which  was  operated  in  auto  MS/MS  mode  
where   a   maximum   of   three   precursors   were   selected   for   MS/MS   fragmentation   per  
cycle.  An  Agilent  poroshell  120  EC-­‐‑C18  column  (2.1  x  150  mm,  2.7  µμm)  column  with  a  
pre-­‐‑column  (EC-­‐‑C18  2.1  x  5  mm;  2.7  µμm)  was  used  to  separate  compounds  according  to  
the  following  solvent  gradient:  20%  solvent  B  (0  min)  to  100%  solvent  B  (28.5  min.),  hold  
100%   solvent  B   (48.5  min),   return   to   20%  B   (50  min.),   finally   reconditioning   at   20%  B  
until  a  final  time  of  60  minutes.  Solvent  A  was  80:20  (v:v)  methanol:0.05  M  ammonium  
acetate,   and   solvent   B   was   80:10:10   (v:v:v)   methanol:acetonitrile:ethyl   acetate.   The  
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solvents  were  HPLC  grade  purity.  The  solvent  flow  rate  was  set  to  0.4  mL/min  and  the  
column  temperature  was  set  to  35°C.  The  APCI-­‐‑MS  was  operated  in  positive  ion  mode,  
and  the  nebulizer  was  set  to  40  psig.  The  APCI  gas  and  vaporizer  temperatures  were  set  
to  300°C  and  400°C.  The  drying  gas  flow  rate  was  6  L/min.  The  corona  current  was  set  
to  5  µμA,  and  the  capillary  voltage  was  2000  V.  
  
Three  dilution  series  of  the  β-­‐‑carotene  standard,  the  bacteriochlorophyll  a  standard,  and  
the   bacteriopheophytin   a   standard   were   analyzed   in   the   same   sequence   with   the  
samples   in   order   to   evaluate   the   response   of   the   instrument   and  method   at   different  
compound  concentrations.  The  concentrations  of   each   standard  dilution   series   ranged  
from  25  ng/µμL  to  0.1  ng/µμL  (100  pg/µμL).  An  aliquot  of  5  µμL  was  injected  on  column,  so  
the   on   column  masses   of   the   dilution   series   ranged   from   125   ng   to   0.5   ng   (500   pg).  
Although   absolute   detection   limits  were   not   determined,   the   lowest   concentration   of  
100  pg/µμL  (or  500  pg  on  column)  was  easily  detectable   for  each  of   the  standards.  The  
stronger   response   observed   for   the   bacteriopheophytin   a   compared   to   the  
bacteriochlorophyll  a  (see  Fig.  2)  is  in  agreement  with  previous  observations  that  have  
shown  that  the  ionization  efficiency  is  higher  for  demetalled  chlorophylls  (pheophytins)  
than  chlorophylls  (47).  The  β-­‐‑carotene  response  was  linear  over  the  concentration  range  
used   for   the   dilution   series   (R2=0.99).   The   bacteriopheophytin   a   response   was   more  
linear  (R2=0.99)  than  the  bacteriochlorophyll  a  response  (R2=0.94).  
  
3.  Results  and  Discussion  
The  compounds  that  were  identified  in  the  reference  materials  are  listed  in  Table  2.  The  
MS/MS  method   on   the  QTOF,   as   described   above,   provided   diagnostic  mass   spectra  
that  allowed  the  identification  of  compounds  that  had  not  been  previously  identified  in  
the  FGL  sediment  extracts.  In  agreement  with  previous  analyses  of  FGL  sediments  and  
water   column   (40),   okenone  was   the   dominant   peak   in   the   base   peak   chromatogram  
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(BPC)  of   the  FGL  sediment  extract   (Fig.  3).   Isorenieratene  and  chlorobactene  were  not  
prominent  peaks  in  the  BPC,  but  they  became  apparent  in  the  529.4  and  533.4  extracted  
ion   chromatograms   (EIC;   Fig.   4   and   5).   The   identifications   of   isorenieratene   and  
chlorobactene  were   further   confirmed   by   comparison   of   the   retention   time   and  mass  
spectra  with  those  belonging  to  the  isolated  isorenieratene  standard  and  the  Chlorobium  
tepidum  biomass  extract  (44),  respectively  (Fig.  3  and  4).    
  
This  finding  suggests  that  lipid  biomarkers  in  the  sediments  reflect  the  lipid  and  DNA  
profiles   of   the   water   column   and   microbial   mat   better   than   has   been   previously  
suggested   for   FGL   (40).   In   other   words,   the   carotenoid   biomarker   record   in   FGL  
accurately  reflects  the  anoxygenic  phototrophic  community  in  the  meromictic  FGL.  The  
most   likely   explanation   for   the   difference   in   carotenoid   detection   between   this   study  
and  earlier  studies  (40)  is  analytical  sensitivity.  The  Meyer  et  al.  (2011)  pigment  analysis  
method  had  on  column  detection   limits  of   2.2-­‐‑2.5  µμg   for  okenone,   chlorobactene,   and  
isorenieratene.  In  contrast,  the  limit  of  detection,  although  not  conclusively  determined  
for   each   of   the   specific   carotenoids   in   this   study,   was   approximated   by   the   lowest  
member  of  the  dilution  series  for  β-­‐‑carotene,  which  illustrates  that  the  HPLC-­‐‑QTOF-­‐‑MS  
method  easily  detects  an  on  column  β-­‐‑carotene  mass  of  500  pg.  Because  isorenieratene  
and  chlorobactene  are  structurally  similar   to  β-­‐‑carotene,   it   is  reasonable   to  expect   that  
the  HPLC-­‐‑QTOF-­‐‑MS  method   can   also  detect   on   column   injected  masses   of   500  pg   or  
less.   This   is   significantly   less   than   the   method   described   by   Meyer   et   al.   (2011).  
Alternatively,   the   sediment   lipid  profile  may  have   lateral  heterogeneities   and  depend  
on   sample   locality   in   the   lake   basin.   Regardless,   the   detection   of   isorenieratene   and  
chlorobactene  in  the  FGL  sediment  extract  confirms  that  the  HPLC-­‐‑QTOF-­‐‑MS  method  is  




The  retention   times  and  mass  spectra   from  the  reference  samples  were  used  to  screen  
the  Namibian  margin   sediment   extracts   for   trace   concentrations   of   green   and   purple  
sulfur   bacterial   carotenoids   (Table   2).   Despite   the   targeted   search,   okenone,  
chlorobactene,   and   isorenieratene   were   not   detected   in   any   of   the   sediment   extracts  
from  the  Namibian  margin.  However,   the  samples  were  not  devoid  of  carotenoids.  β-­‐‑
carotene  was  a  dominant  pigment  in  all  of  the  Namibian  sediment  extracts  (Table  2;  Fig  
6).   This   is   not   surprising   since   all   algae,   with   the   exception   of   cryptophytes   and  
rhodophytes,   produce   β-­‐‑carotene   (48).   So   while   β-­‐‑carotene   offers   little   taxonomic  
specificity,   its  detection  demonstrates   that   the  preservational  conditions  at   the  sample  
localities  are  conducive  for  carotenoid  preservation.  
  
However,   bacteriochlorophylls   and   their   degradation   products   can   also   be   used   as  
markers   for   green   and   purple   sulfur   bacteria.   In   addition   to   carotenoids,  
bacteriochlorophylls  a  and  b  and  bacteriochlorophylls  a,  c,  d,  and  e  are  essential  antenna  
or  reaction  center  pigments  in  the  photosynthetic  apparatus  of  purple  and  green  sulfur  
bacteria,   respectively   (49).   Bacteriochlorophyll   porphyrin   rings   can   have   multiple  
combinations  of  substitutions  and  are  esterified  to  farnesol  or  other  long  chain  alcohols  
(49).   In   environmental   systems,   the   structural   diversity   is   further   enhanced  with   the  
addition  of  degradation  products.  Bacteriochlorophylls  and  their  degradation  products  
have  been  used  as  markers  for  green  sulfur  bacteria  (7,  50-­‐‑53).    
  
Chlorophylls  a  and  b  and  bacteriochlorophylls  a,  c,  and  e  were  identified  in  the  reference  
samples   in   conjunction   with   their   respective   degradation   products   (Table   2;   Fig.   7).  
These   identifications  are  based  on  comparison  with  standards,  published  occurrences,  
or   inferred  from  mass  spectra.  The  retention  times  and  mass  spectra  for   the   identified  
compounds  in  the  reference  materials  were  used  to  systematically  evaluate  whether  the  
Namibian   sediment   extracts   also   contained   any   of   these   compounds.   No  
 192 
bacteriochlorophylls   or   bacteriopheophytins   were   identified   in   the   Namibian  margin  
sediment  extracts   (Table  2).   Instead,   the   sediment  extracts   from   the  Namibian  margin  
contained   chlorophyll   a,   chlorophyll   a   degradation   products,   and   β-­‐‑carotene   as   the  
dominant  pigments  (Fig.  6).  
  
While   the   targeted   search   for   green   and   purple   sulfur   bacterial   pigments   in   the  
sediments  from  the  Namibian  margin  does  not  provide  support  for  the  presence  of  GSB  
and  PSB  in  this  dynamic  system,  the  results,  of  course,  do  not  preclude  the  occurrence  
of   GSB   and   PSB   in   the   transiently   sulfidic   water   column   of   the   Benguela   upwelling  
system.  It  is  possible  that  analyses  of  additional  samples  from  other  stations  that  were  
not  sampled,  particularly  to  the  north  of  Walvis  Bay,  could  yield  GSB  and  PSB  pigments  
in  future  studies.  Alternatively,  exploring  sediments  from  a  broader  depth  distribution  
(<30  m  and  >150  m)  may  yet  reveal  PSB  and  GSB  pigments  in  future  studies.  Finally,  a  
significant   component   of   carotenoids   can   be   sulfur-­‐‑bound   in   marine   sediments   and  
rocks,   hinting   that   sulfurization   could   be   a   significant   step   in   the   diagenesis   and  
eventual   preservation   of   these   compounds   (54-­‐‑59).   Consequently,   desulphurization  
could  reveal  sulfur-­‐‑bound  GSB  and/or  PSB  carotenoids  in  future  studies.    
  
Nevertheless,   the  results  described  here   further  underscore   that  while  gene  sequences  
that  cluster  with  Chlorobi  have  been  identified  in  the  Peruvian  and  Namibian  OMZs  (27,  
28),  there  is  still  no  tangible  geochemical  evidence  that  phototrophic  sulfur  bacteria  are  
actively   oxidizing   sulfide   as   part   of   the   “cryptic   sulfur   cycle”   (30).   Further   lines   of  
geochemical  evidence  must  be  examined  in  future  work  to  substantiate  the  significance  
and  capacity  of  the  cryptic  sulfur  cycle  in  the  Namibian  shelf  waters  and  in  the  global  
OMZs   (29).   Furthermore,   the   lack   of   a   modern   analog   for   green   and   purple   sulfur  
bacteria   in   unrestricted,   transiently   sulfidic  marine   environments   should   be  weighed  
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The   inability   to   detect   GSB   and   PSB   pigments   in   Namibian   margin   sediments  
underscores   the   “no   analog”   problem.   The   transiently   sulfidic   Benguela   upwelling  
system   exhibits   some   of   the   key   characteristics   that   most   directly   and   accurately  
translate  to  the  preferred  model  for  Phanerozoic  OAEs,  but  all  of  the  available  evidence  
suggests   that   green   and   purple   sulfur   bacteria   are   not   significant   members   of   this  
modern  analog  system.  Perhaps,  the  sulfidic  chemocline  that  develops  on  the  Namibian  
margin  is  too  unstable  and  transient  for  the  GSB  and  PSB  to  establish  a  community  that  
is  detectable  using  lipidomic  approaches.  Alternatively,  the  elemental  sulfur  that  clouds  
the  water  column  during  sulfide  eruptions  may  inhibit  enough  light  from  reaching  the  
sulfidic  zone  of  the  water  column,  thereby  preventing  both  physiological  requirements  
from  being  simultaneously  met.  In  light  of  the  persisting  lack  of  examples  of  GSB  and  
PSB   in   modern   unrestricted,   transiently   sulfidic   marine   environments,   these   results  
further   highlight   the   need   to   better   understand   the   transport   pathways   for  
allochthonous  GSB  and  PSB  pigments,  microbial  mat  production  of   the  PSB  and  GSB  
carotenoids,   the   biosynthetic   pathways   for   these   carotenoids,   and   the   complete  
physiological  diversity  leading  to  the  production  of  these  carotenoids.  
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Figure  1.  Map  of  sample  stations  on  Namibian  shelf  modified  from  Lavik  et  al.,  2009.  
Regularly  monitored   stations   are  marked  with   circles.   The   stations   that   were   visited  
during   the  March   2014   cruise   are  marked   by   solid   circles,  where   the   red   filled   circle  
represent   the   stations   where   samples   were   collected   and   the   black   filled   stations  
represent  stations  where  samples  were  not  collected.  The  stations  are  numbered  in  the  
order   in   which   they   were   sampled.   The   full   station   names   are   provided   in   Table   1  









































Figure   2.   Response   of   HPLC-­‐‑QTOF-­‐‑MS   for   β-­‐‑carotene,   bacteriochlorophyll,  
bacteriopheophytin   where   injected   standard   mass   (ng)   is   plotted   against   peak   area  












































Figure   3.   FGL   sediment   extract   as   an   okenone   reference.   A)   The   base   peak  
chromatogram  (BPC)  shows  that  the  largest  peak  in  the  FGL  extract  is  okenone  (Ok).  B)  
The   extracted   ion   chromatogram   (EIC)   for   579.4   only   shows   okenone.   C)   A   MS/MS  
spectrum   taken   from   the   starred   retention   time   in   B   for   the   molecular   mass   that   is  
starred   in  C   confirms   that   this   compound   is   okenone,  which   is   further   confirmed   by  










Figure  4.  Identification  of  isorenieratene  in  FGL  sediments  A)   Isorenieratene   (Iso)   is  
shown   in   the   529.4   extracted   ion   chromatogram   (EIC)   of   an   authentic   standard   of  
isorenieratene  B)  A  MS/MS  spectrum  taken  from  the  starred  retention  time  in  A  for  the  
molecular  mass  that  is  starred  in  B    confirms  that  this  compound  is  isorenieratene  and  
provides  a  reference  mass  spectrum.  C)  Isorenieratene  and  okenone  (Ok)  are  labeled  in  
the   529.4   EIC   for   the   FGL   sediment   extract.   D)   A   MS/MS   spectrum   taken   from   the  
starred  retention  time  in  C  for  the  molecular  mass  that  is  starred  in  D  confirms  that  this  
compound  is  isorenieratene  because  the  retention  time  and  mass  spectrum  match  with  
those  of  the  isolated  isorenieratene  depicted  in  panels  A  and  B.      









Figure  5.  Identification  of  chlorobactene  in  FGL  sediments  A)  Chlorobactene   (Cb)   is  
shown  in  the  533.4  extracted  ion  chromatogram  (EIC)  of  a  Chlorobium  tepidum  biomass  
extract   B)   A   MS/MS   spectrum   taken   from   the   starred   retention   time   in   A   for   the  
molecular  mass   that   is  starred   in  B  confirms  that   this  compound  is  chlorobactene  and  
provides  a  reference  mass  spectrum.  C)  Chlorobactene  is  labeled  in  the  533.4  EIC  for  the  
FGL  sediment  extract.  D)  A  MS/MS  spectrum  taken  from  the  starred  retention  time  in  C  
for   the   molecular   mass   that   is   starred   in   D   confirms   that   this   compound   is  
chlorobactene  because   the   retention   time  and  mass   spectrum  match  with   those  of   the  
biomass  chlorobactene  depicted  in  panels  A  and  B.      






Figure  6.  Pigment  extracts  of  Namibian  margin  sediments.  Base  Peak  Chromatograms  
(BPCs)   are   shown   in   panels   A-­‐‑C   where   the   major   peaks   are   labeled.   See   table   1   for  






Fig.  7  Bacteriochlorophylls  and  bacteriopheophytins  in  reference  material.  Extracted  
Ion  Chromatograms  (EICs)  are  shown  in  panels  A-­‐‑C  where   the  peaks  are   labeled.  See  
table  2  for  complete  peak  abbreviations.    
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Table  1.  Sample  Descriptions  
Station  #   Station   Sample  type   Extracted  freeze  
dried  mass  (g)  
1   WW23005   Xb     
2   WW24010   0-­‐‑2  cm  (core)   2.2  
2   WW24010   2-­‐‑4  cm  (core)   1.8  
3   WW25020   X     
4   WW25005   Grab   5.6  
5   WW26010   0-­‐‑1  cm  (core)   7.4  
5   WW26010   1-­‐‑2  cm  (core)   5.2  
6   WW26030   Grab   11.3  
7   WW27030   0-­‐‑2  cm  (core)   5.8  
7   WW27030   2-­‐‑4  cm  (core)   5.1  
8   WW27020   X     
9   WW23010   0-­‐‑2  cm  (core)   2.2  
9   WW23010   2-­‐‑4  cm  (core)   1.9  
10   WW23002   0-­‐‑2  cm  (core)   1.5  
10   WW23002   2-­‐‑4  cm  (core)   1.7  
Xa   Lat.  23°S   Natmirc  grab  30  m   3.6  
a  This  sample  was  collected  on  a  separate  monitoring  expedition    




  Table  2.  Diagnostic  fragments  and  identified  compounds  
Compounda,b   R.  Time  (min.)   M+   Frag.   Frag.   Ref  materialb   Namibian  Samples  
BChl  eF  [Et,  Et],  e2   12.6   821.45   803.44  
  
FGL(40),  Salt  Pond(41)   ndc  
BChl  cF  [Et,  Me],  c1   13.6   793.45   589.27  
  
Tep.  (42-­‐‑44)   nd  
BChl  eF  [n-­‐‑Pr,  Et],  e3   13.8   835.46   817.45  
  
FGL,  Salt  Pond   nd  
BChl  cF  [Et,  Et],  c2   14.8   807.47   603.28  
  
Tep.   nd  
BChl  eF  [i-­‐‑Bu,  Et],  e4   15   849.48   831.47  
  
FGL,  Salt  Pond   nd  
BChl  cF  [n-­‐‑Pr,  Et],  c3   16.1   821.49   617.30  
  
Tep.   nd  
BChl  cF  [i-­‐‑Bu,  Et  ],  c4   17.4   835.50   631.31  
  
Tep.   nd  
Bpheo  eF  [Et,  Et],  e2   20.2   799.47   781.47   595.29 FGL,  Salt  Pond  (inferred)   nd  
Bpheo  cF  [Et,  Me],  c1   20.5   771.48   567.30  
  
Tep.  (inferred)   nd  
Bpheo  eF  [n-­‐‑Pr,  Et],  e3   21.5   813.49   795.48   609.31 FGL,  Salt  Pond  (inferred)   nd  
Bpheo  cF  [Et,  Et],  c2   21.9   785.50   581.31  
  
Tep.,  FGL  (inferred)   nd  
BChl  a   22.3   911.55   573.23  
  
Std.,  FGL,  Salt  pond,  Tep.   nd  
Bpheo  eF  [i-­‐‑Bu,  Et],  e4   22.6   827.51   809.50   623.32 FGL,  Salt  Pond  (inferred)   nd  
Bpheo  cF  [n-­‐‑Pr,  Et],  c3   23.2   799.52   595.33  
  
Tep.,  FGL  (inferred)   nd  
Chl  b   23.8   907.52   569.20   629.22 Spinach,  FGL   nd  
Bpheo  cF  [i-­‐‑Bu,  Et],  c4   24.6   813.53   609.34  
  
Tep.,  FGL  (inferred)   nd  
Okenone   24.8   579.42   133.10   547.39 FGL,  Salt  Pond   nd  
Chl  a     27.7   893.54   614.24   555.22   Spinach,  FGL,  Salt  Pond   Yes  
Chl  a'ʹ  epimer   28.8   893.54   614.24   555.22   Spinach,  FGL,  Salt  Pond   Yes  
Bpheophytin  a   29.6   889.58   611.29   551.27   Std.,  FGL,  Salt  Pond   nd  
Isorenieratene   30.7   529.38   133.10   173.13   Isolated  Ref.  (D.  Repeta)   nd  
Isorenieratene  isomer   31.4   529.38   133.10   173.13   Isolated  Ref.  (D.  Repeta)   nd  
Chlorobactene   31.8   533.41   133.10   173.13   Tep.   nd  
Bpyropheophytin  a   32   831.58   552.27  
  
FGL,  Salt  Pond  (inferred)   nd  
Pyropheophytin  b     33.2   827.547   549.25   521.24 inferred   Yes  (tentative)  
Pheophytin  a   34   871.57   593.28   533.25   Spinach,  FGL,  Salt  Pond   Yes  
Pheophytin  a'ʹ  epimer   34.9   871.57   593.28   533.25   Spinach,  FGL,  Salt  Pond   Yes  
B-­‐‑carotene   35.1   537.44   177.16  
  
Std.,  Spinach,  FGL   Yes  
Pyropheophytin  a     38.2   813.57   535.27   507.25 FGL,  Salt  Pond  (inferred)   Yes  
a  [8-­‐‑R,12-­‐‑R]  are  the  positions  of  the  alkyl  substitutions  
b  Abbreviations:  Subscript  F:  farnesyl  esterified;  Chl:  chlorophyll;  pheo:  pheophytin;  B:  bacterio;  Tep.:  Chlorobium  tepidum;  Std.:  Purchased  standard  
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Many  biogeochemical  anomalies  coincide  with  the  Late  Permian  Extinction  (LPE;  
252.28  Ma).   Several  mechanisms  have  been  proposed   to   explain   the  moretane/hopane  
anomaly  that  has  been  identified  in  samples  from  Meishan  GSSP  section  in  southeastern  
China.  Here,  we  report  homohopane,  2α-­‐‑  and  3β-­‐‑methylhomohopane  and   lithological  
data  for  a  drill  core  from  the  Meishan  section  in  southeastern  China.  Three  intervals  of  
elevated   C30   moretane/hopane   ratios   are   recorded   in   the   Lungtan,   Yinkeng   and  
Helongshan  Formations.  Moretane/hopane  ratios  of  C31-­‐‑34  homohopanes  and  the  2α-­‐‑  and  
3β-­‐‑methylhomohopanes   display   the   same   stratigraphic   patterns   as   the   C30  
moretane/hopane   record.   In   light  of   the  multiple  and  parallel  moretane  anomalies   for  
the   homohopane   and   2α-­‐‑   and   3β-­‐‑methylhomohopane   series,   enhanced   input   from  
higher   plant   organic   matter,   such   as   coal   and   peat,   does   not   adequately   explain   the  
observed   isomer   patterns.   Correlation   of   high   moretane/hopane   ratios   with   low   C35  
Homohopane  Index  (HHI)  and  high  hopane/sterane  values  suggest   increased  input  of  
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hopanoids   from   oxic   soils.   Additionally,   moretane/hopane   ratios   show   excellent  
correlations   with   total   clay   percentages   and   specific   clay   types,   particularly   chlorite,  
illite,   and   mixed   layer   illite/smectite.   We   conclude   that   a   combination   of   episodic  
hopanoid   input   from   soil   bacteria   and  diagenetic   effects   related   to   redox   and  detrital  
clays  generated  the  unique  moretane/hopane  patterns  at  Meishan.    
Similar   relationships   of   Ts/(Ts+Tm)   with   redox   and   source   indicators   and  
lithology   indicate   that   Ts/(Ts+Tm)   is   affected   by   the   same   factors   controlling   the  
moretane/hopane   ratios.   Berthierine,   a   clay   that   requires   reducing   conditions   for  
formation,   was   detected   in   samples   from   the   Lungtan   Formation.   We   are   unable   to  
determine  from  our  results  whether  the  berthierine  is  authigenic  or  detrital,  but  future  
determination   of   the   origin   of   berthierine   at   Meishan   may   offer   additional  
environmental  insight.    No  link  between  diasteranes  and  lithology  was  observed  in  this  
study   suggesting   that   diasteranes   are   relatively   unaffected   by   the   detrital   clay  
component  of  the  Meishan  sediments.  In  total,  the  results  point  toward  the  complex  role  
of   source   input,   lithology,   and  depositional   redox   conditions   in   the   transformation  of  
organic  matter  during  maturation.  Future  work  is  required  to  elucidate  the  lithological  
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Through  the  course  of  Earth’s  4.5  billion  year  history,  there  have  been  five  mass  
extinction  events  in  which  at  least  75%  of  species  became  extinct  in  a  geologically  short  
time   interval.   Given   the   rapid   loss   of   biodiversity   over   the   past   centuries,   some  
researchers   have   suggested   that   Earth   may   currently   be   entering   its   sixth   mass  
extinction  event  (Barnosky  et  al.,  2011).  Humans  are  suspected  to  have  a  role  in  today’s  
loss   of   biodiversity,   but   other   conditions   and   series   of   events   must   have   caused   the  
previous  five  mass  extinctions.  The  Late  Permian  Extinction  (LPE;  252.28  Ma)  (S.  Shen  et  
al.,  2011),  which  occurred  shortly  before  the  biostratigraphic  Permian  Triassic  Boundary  
(PTB)  as  defined  by  the  first  appearance  of  Hindeodus  parvus,  marks  the  greatest  loss  of  
biodiversity  in  Earth  history  with  over  90%  of  marine  species  becoming  extinct  (Raup,  
1979;  Mundil  et  al.,  2001,  2004;  Sepkoski,  2002;  Erwin,  2006;  Metcalfe  and  Isozaki,  2009).  
Many  mechanisms   have   been   proposed   to   trigger   the   LPE   event,   including   Siberian  
flood  basalt  volcanism,  sea   level  change,  extraterrestrial   impact,  ocean  deoxygenation,  
water   column   stratification   and   climate   change   driven   by   methane   hydrate   collapse  
(Campbell  et  al.,  1992;  Wignall  and  Hallam,  1992;  Renne  et  al.,  1995;  Becker  et  al.,  2001;  
Benton  and  Twitchett,  2003;  Kamo  et  al.,  2003).  Whatever  the  trigger  or  combination  of  
triggers,  accumulating  evidence  points  to  the  rapid  deterioration  of  both  the  marine  and  
terrigenous   ecosystems   (Retallack,   1995;   Looy   et   al.,   2001;   Twitchett   et   al.,   2001;  
Michaelsen,  2002).  
Geochemical   techniques   have   helped   to   elucidate   the   nature   of   the   events   that  
unfolded  during  the  Late  Permian,  yet  additional  questions  have  arisen  as  a  result.   In  
addition   to   a   distinctive   negative   stable   carbon   isotopic   excursion   and   trace   metal  
enrichment  at  the  boundary  (Kaiho  et  al.,  2001,  2006;  Cao  et  al.,  2002,  2009),  anomalous  
distributions  of  lipid  biomarkers,  including  isorenieratane  and  derived  aryl  isoprenoids,  
2-­‐‑methylhopanes   and   crocetane,   are   defining   features   of   the   PTB   (Grice   et   al.,   2005;  
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Wang  et  al.,  2005;  Xie  et  al.,  2005;  Wang,  2007;  Cao  et  al.,  2009).  Additionally,  anomalous  
values   of   molecular   ratios,   including   C30   17β,21α(H)-­‐‑hopane/C30   17α,   21β(H)-­‐‑hopane  
(referred   to   as   the   C30   moretane/hopane   ratio),   C27   18α-­‐‑trisnorhopane/C27   17α-­‐‑
trisnorhopane   (referred   to   as   Ts/(Ts+Tm)),   Tm/C30   hopane,   C31/C32   hopane,   C35  
Homohopane   Index   (C35   HHI),   and   hopane/sterane,   are   recorded   in   sediments  
deposited  at  the  PTB  (Wang,  2007;  Xie  et  al.,  2007;  Cao  et  al.,  2009).    
Multiple  scenarios  have  been  proposed  to  explain  the  elevated  moretane/hopane  
ratios   at   the   PTB.   Geochemical   maturity   parameters   throughout   the   Meishan   GSSP  
section  in  southeastern  China  are  nearly  uniform,  and  thus,  thermal  maturity  variations  
cannot   adequately   explain   the  moretane/hopane   and   Ts/(Ts+Tm)   variability   observed  
through   the   section   (Cao  et   al.,   2009).  Accordingly,   additional  mechanisms  have  been  
proposed   to   account   for   the  moretane  variability,   including   increased   input  of  higher  
plant   organic   matter   to   the   marine   system,   increased   acidification,   freshening   of   the  
upper  water  column,  or  lithological  effects  (Wang,  2007;  Xie  et  al.,  2007;  Cao  et  al.,  2009).  
In   order   to   further   assess   and   correctly   interpret   the  moretane   anomalies   at   the   PTB,  
homohopane,  2α-­‐‑  and  3β-­‐‑methylhomohopane  and  lithological  data  for  a  drill  core  taken  
from  the  Meishan  section  in  China  were  critically  examined.  The  possible  mechanisms  
for  generating  the  observed  moretane  record,  including  thermal  maturity,  source  input,  
redox   conditions,   and   lithology,   were   examined   in   light   of   the   new   hopane   and  
lithological  data.  
  
6.1.1  Moretane  Background  
Hopanes   are   pentacyclic   triterpanes   and   are   arguably   the   most   ubiquitous  
natural   product   found   on   Earth   (Ourisson   and   Albrecht,   1992).   Bacteria   are   the  
dominant  source  of  hopanes  in  marine  sediments,  and  bacteriohopanepolyols  (BHP)  are  
the   primary   precursor   of   C30   and   higher   hopane   homologues.     Hopanes   have   readily  
isomerized  asymmetric  carbon  atoms  at  C-­‐‑17  and  C-­‐‑21,  where  α  and  β  denote  whether  
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the   hydrogen   is   below   or   above   the   plane   of   the   ring   system,   respectively.  
Consequently,  when  considering  C-­‐‑17  and  C-­‐‑21,   there  are   four  possible   stereoisomers  
(Fig.   1):   17β,21β(H)-­‐‑hopane   (ββ-­‐‑hopane),   17β,21α(H)-­‐‑hopane   (βα-­‐‑moretane),  
17α,21β(H)-­‐‑hopane  (αβ-­‐‑hopane),  and  17α,21α(H)-­‐‑hopane  (αα-­‐‑hopane;  this  isomer  is  not  
generally   encountered   in   sediments).   The   term   “moretane”   distinguishes   the  
17β,21α(H)-­‐‑hopane   stereoisomers   from   the   other   hopane   stereoisomers,   while   the  
others   are   simply   referred   to   as   ‘hopanes’.   The   ββ-­‐‑hopanoids   are   the   commonly  
observed   biological   configuration   and   are   found   in   bacterial   cultures   and   immature  
organic  material.  The  ββ  configuration  is  nearly  planar,  which  enables  the  molecule  to  
fit   into   the  membrane   lipid  bilayer   (Peters  et  al.,   2005),  but   the  ββ-­‐‑hopane   is   the   least  
thermodynamically   stable  of   the  hopane  stereoisomeric   series   (Seifert  and  Moldowan,  
1980;  Kolaczkowska  et  al.,  1990;  Peters  et  al.,  2005).  During  diagenesis  and  catagenesis,  
ββ-­‐‑hopane   is   removed   by   thermal   degradation   or   interconversion   to   the   more  
thermodynamically   stable   βα-­‐‑moretane   and   αβ-­‐‑hopane.   According   to   the   scheme  
illustrated   in   Seifert   and   Moldowan   (1980),   βα-­‐‑moretane   can   overcome   an   energy  
barrier   given   sufficient   thermal   energy   to   be   converted   to   the   thermodynamically  
preferred   αβ-­‐‑hopane   via   the   ββ-­‐‑hopane   intermediate   (Peters   et   al.,   2005).   The   αα-­‐‑
hopane   is   less   thermodynamically   stable   than   either   17β,21α(H)-­‐‑moretane   or  
17α,21β(H)-­‐‑hopane,   and   it   is   largely   undetected   in   petroleum   and  mature   petroleum  
source  rocks  (Bauer  et  al.,  1983;  Kolaczkowska  et  al.,  1990).    
   The  distributions  of   terpane   isomers   can  be  used   to   estimate   thermal  maturity.  
Predictions  of  thermodynamic  stability  of  the  different  hopane  stereoisomeric  series  and  
observations  of  the  degree  of  isomerization  of  hopanes  in  immature  organic  matter  and  
petroleum  have  led  to  use  of  the  βα-­‐‑moretane  to  αβ-­‐‑hopane  ratio  as  a  thermal  maturity  
indicator  (Seifert  and  Moldowan,  1980;  Peters  et  al.,  2005).  The  βα-­‐‑moretane/αβ-­‐‑hopane  
ratio  is  used  to  characterize  immature  to  mildly  mature  oils.  However,  thermal  maturity  
is   not   the   only   factor   that   influences   the  βα-­‐‑moretane/αβ-­‐‑hopane   ratio.  The   source   of  
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organic  matter  input  and  depositional  environment  influence  the  terpane  fingerprint  of  
petroleum  and  can  significantly  affect  thermal  maturity  parameters  (Peters  et  al.,  2005).  
Based   on   reports   of   17β,21α(H)   hopanoids   in   hypersaline   environments,   peat,   coal,  
lacustrine  environments,  and  in  living  systems  (Quirk  et  al.,  1984;  Rullkötter  and  Marzi,  
1988;  Uemura  and  Ishiwatari,  1995;  Rosa-­‐‑Putra  et  al.,  2001),  some  authors  have  invoked  
increased   input   of   higher   plant   organic   matter   to   explain   anomalous   moretane  
abundance  in  marine  sediments  where  thermal  maturity  is  not  the  cause  of  variability  
(Grantham,  1986;  Isaksen  and  Bohacs,  1995;  Wang,  2007;  Xie  et  al.,  2007).  However,  in  a  
number  of   instances,  depositional   environment  has  been   shown   to   strongly  modulate  
terpane   distributions,   including   the   abundance   of   moretane   relative   to   αβ-­‐‑hopane  
(Peters  et  al.,  2005).    
  
6.2  SAMPLES  AND  EXPERIMENTAL  METHODS  
  
6.2.1  Geographic  Setting  
   The  Meishan  quarries  in  South  China  have  produced  detailed  information  about  
the   Permian-­‐‑Triassic   mass   extinction.   The   Meishan   section   is   the   Global   Stratotype  
Section  and  Point  (GSSP)  for  the  PTB,  as  well  as  for  the  base  of  Changhsingian  Stage.  In  
order   to   avoid   sampling  material   that  was   altered   and   contaminated   during   surficial  
weathering,  a  drilling  project  was  undertaken  by  the  Nanjing  Institute  of  Geology  and  
Paleontology   in   2004.   A   detailed   description   of   the  Meishan   section   and   the   drilling  
project  are  provided  in  the  supplementary  online  material  of  Cao  et  al.  (2009).    
  
6.2.2  Biomarker  Analyses  
   As  described  by  Cao  et  al.  (2009),  the  exterior  of  the  samples  were  brushed  clean  
and   rinsed   with   methanol   (MeOH)   and   dichloromethane   (DCM)   prior   to   being  
powdered  using  a  solvent-­‐‑cleaned  ceramic  puck  mill.  Procedural  blanks  were  prepared  
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along  with  the  samples  and  showed  no  evidence  of  laboratory  contamination.  Samples  
were  solvent  extracted  using  a  Dionex  ASE-­‐‑200  extractor  and  a  solvent  mixture  of  DCM  
and  MeOH  (9:1).  Elemental  sulfur  was  removed  from  the  total  lipid  extracts  using  acid-­‐‑
washed   copper   granules.   Aliphatic,   aromatic,   and   polar   fractions   were   collected   by  
silica  column  chromatography  using  hexane,  hexane/DCM  (4:1),  and  DCM/MeOH  (4:1)  
solvents,  respectively.  
   Each  fraction  was  dried  and  weighed  before  adding  analytical  standards  to  1  mg  
of  the  saturated  fraction.  The  saturated  hydrocarbon  biomarkers  were  analyzed  by  gas  
chromatography-­‐‑mass   spectrometry   (GC-­‐‑MS)   in   full   scan   and   metastable   reaction  
monitoring   (MRM)   modes.   The   characteristic  m/z   191   and   205   mass   fragments   were  
used   to   identify   the   C30-­‐‑C34   homohopanes   and   2α-­‐‑   and   3β-­‐‑   methylhopanes   in   MRM  
mode,  respectively  (see  Fig.  2).  The  22S  and  22R  isomers  of  C31-­‐‑34  homohopanes  and  C32-­‐‑
33  methylhomohopanes  were  identified,  and  both  isomers  were  used  in  the  calculation  
of  the  βα/(βα  +  αβ)  ratios.  The  22S  and  22R  isomers  of  βα-­‐‑C31  homohopane  and  βα-­‐‑C32  
methylhomohopane   coelute,   so   these   compounds  were   integrated   as   a   single  peak   as  
illustrated  in  figure  2.  The  supplementary  online  material  of  Cao  et  al.  (2009)  describes  
the  biomarker  analytical  methods  in  greater  detail.  
  
6.2.3  Mineralogical  Analyses  
Carbonate  Contents  
   Approximately   0.5   g   of   each   powdered   sample  was   accurately  weighed   into   a  
clean  Teflon   tube.  Methanol  was  added   to  wet   the   sample  prior   to  acidification.  Each  
sample   was   acidified   with   a   10%   aqueous   hydrochloric   acid   (HCl)   solution.   The  
samples  were  treated  again  with  a  15%  HCl  solution  and  left  for  24  hours  to  allow  the  
reaction  to  reach  completion.  The  samples  were  rinsed  with  water  five  times  to  remove  
any  remaining  acid  before  being  dried  in  a  60°C  oven  for  48  hours.  The  samples  were  
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reweighed,   and   the   percentage   carbonate   was   calculated   based   on   the   difference  
between  the  initial  and  final  weights.  
  
Clay  analyses  
Preparation  for  bulk  mineralogical  analysis  of  all  samples  involved  crushing  rock  
samples  in  an  agate  swing  mill,  addition  of  10  wt.  %  ZnO  and  further  milling  to  ensure  
mixing  and  homogeneous  distribution.  Bulk  mineralogical  analysis  was  performed  on  
randomly  oriented  samples  using  a  Bruker  D8  X-­‐‑ray  diffractometer  at  40  kV  and  30  mA  
with  CuKα  radiation.  Analyses  were  performed  from  2-­‐‑65o  2Q  (for  any  diffracted  X-­‐‑ray  
obeying  Bragg’s  Law,  2Q  as  referred  to  herein  is  equal  to  2  times  the  angle  between  the  
sample  plane  and  the  incident  X-­‐‑ray  beam)  at  a  step  size  of  0.02  degrees  and  counting  
times  of  4  seconds  per  step.  Quantitative  analysis  was  performed  with  single   line  and  
full  profile  fitting  using  pure  mineral  standards  for  reference  intensity  ratios  (Srodon  et  
al.,  2001).  
Determination  of  clay  mineralogy  involved  light  crushing  of  samples  by  hand  in  
a   steel   mortar   and   pestle   and   for   samples   containing   appreciable   carbonate   content,  
decarbonation  with  1M  acetic  acid  while  monitoring  pH.  Decarbonated  samples  were  
rinsed  three  times  with  deionised  water  and  all  samples  were  resuspended  with  sodium  
phosphate,   sonicated   and   the   <2   and   <0.2  mm   size   fractions  were   obtained   by   timed  
centrifugation.   Centrifuged   samples   were   decanted   and   oriented   Ca-­‐‑saturated  
aggregates  were   prepared   by   using   a   filter  membrane   technique   and   transfer   of   clay  
films   for   glass   substrates.   X-­‐‑ray   diffraction   was   performed   using   a   Siemens   D5000  
diffractometer  at  30kV  and  20  mA,  with  CuKα  radiation  from  2-­‐‑35o  2Q  a  step  size  of  0.03  
degrees  and  counting  times  of  8-­‐‑10  seconds.  Divergence,  receiving  and  anti-­‐‑scatter  slits  
were  0.2  and  1  mm  in  size,   respectively,  and  a  Ni   filter  was  used.  Clay  samples  were  
analysed  in  the  air-­‐‑dried  Ca-­‐‑saturated  state,  after  ethylene  glycol  solvation  overnight  at  
60oC   (to   identify   expandable   minerals),   heating   at   400oC   for   2   hours   (to   quantify  
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collapsible/expanding  mineral  proportions),  and  heating  to  550oC  for  2  hours  (to  aid  in  
quantifying   kaolinite   and   chlorite   proportions).   Relative   clay   abundances   were  
determined  by  peak  area  measurement,  expressed  in  relative  percent  and  normalized  to  
total   clay   content   by   total   clay  mineral   abundance   determined   by   bulk  mineralogical  
analyses.   The   composition   of   mixed-­‐‑layered   species   was   determined   using   one  
dimensional  X-­‐‑ray  diffraction  pattern  modeling  with  the  software  package  NEWMOD  




6.3.1  Stratigraphic  Variation  of  Lithology  and  Hopane  Distributions    
The   βα/(βα   +   αβ)   ratios   for   C30   hopane,   C31-­‐‑34   homohopanes,   C31-­‐‑33   2α-­‐‑  
methylhopanes,  and  C31-­‐‑33  3β-­‐‑methylhopanes  were  calculated  for  each  sample  (Table  1).  
The   precise   determination   of   βα/(βα   +  αβ)   for   the  C31   and  C32  3β-­‐‑methylhopanes  was  
precluded   by   interfering   peaks   and   will   not   be   further   discussed.   The   βα/(αβ+βα)  
values  vary  from  0.04  to  0.34  for  all  of  the  other  hopane  series  measured.  The  profiles  of  
C30  hopane,   the  homohopanes,  and  the  2α-­‐‑  and  3β-­‐‑methylhomohopanes  show  parallel  
downcore   trends   and   similar   values   (Fig.   3).   Ts/(Ts+Tm)   and  C35  Homohopane   Index  
(HHI)  data  from  Cao  et  al.,  2009  were  plotted  in  figure  3  for  comparison.  Notably,  the  
rocks   record   three   positive   moretane   enrichments.   The   first   interval   of   enhanced  
moretane/hopane   ratios   occurs   in   the   Lungtan   Formation,   followed   by   the   second  
interval   at   the   PTB   in   the   Yinkeng   Formation,   and   the   last   interval   of   moretane  
enrichment  at  the  end  of  the  Griesbachian  in  the  Helongshan  Formation.      
The   bulk   lithology,   including   percent   carbonate,   total   clay,   and   quartz   was  
determined   (Table  2).  The   lithology  was  highly  variable   through   the  drill   core  section  
(Fig.  4).  The  percent  carbonate  fluctuates  from  8.5  to  99%.  The  percent  total  clay  and  the  
percent  quartz  both  vary  from  close  to  0%  to  nearly  50%.  The  Lungtan  Formation  is  a  
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clay-­‐‑rich  unit   that   is   enriched   in  quartz   and   is   characterized  by   low   carbonate   (8.5   to  
14%).   The   percent   carbonate   increases   significantly   in   the   overlying   Changxing   unit,  
although  the  carbonate  and  quartz  percentages  are  more  variable  through  this  interval.  
Unlike   the   Lungtan   Formation,   clay   is   a   minor   component   through   the   Changxing  
Formation.  The  percent  total  clay  returns  to  elevated  values  in  the  Yinkeng  Formation,  
while   the  percent   carbonate   is   significantly   lower   than   the  Changxing  or  Helongshan  
formations.  Through  the  Helongshan  Formation,  the  samples  are  all  over  95%  carbonate  
with   very   little   clay   or   quartz.   Similar   to   the   observations   of   Rullkötter   and   Marzi  
(1988),   elevated   abundances   of   moretanes   relative   to   αβ-­‐‑hopane   are   associated   with  
carbonate-­‐‑poor  facies.  
Further   clay   mineralogical   analyses   provided   the   absolute   and   relative  
percentages   of   specific   clay   types,   including   illite,   chlorite,   smectite,   kaolinite,  
berthierine,   and   mixed   layer   illite/smectite   (Table   3).   The   total   percent   clay   and   the  
absolute  and  relative  percentages  of  the  clay  type  varied  through  the  section  (see  Fig.  5).  
Illite  and  mixed  layer  illite/smectite  represent  the  dominant  clay  types,  where  the  sum  
of  percent   illite  and  mixed   layer   illite/smectite  represents  over  50%  through  the  entire  
section.   The   relative   percentage   of   illite/smectite  mixed   layer   clay   is   largely   constant  
throughout   the   clay  mineral   assemblage.   Although  more   variable,   kaolinite,   chlorite,  
and  smectite  clays  become  a  significant  fraction  of  the  total  clay  through  some  intervals  
of   the   assemblage.   Notably,   berthierine,   which   is   usually   formed   under   reducing  
conditions   (Taylor   and   Curtis,   1995;   Fritz   and   Toth,   1997),   is   present   in   the   Lungtan  
Formation  at  the  base  of  the  section.  Measurable  differences  between  the  glycolated  and  
heated   (400°C)   samples   in   the   7  Å   peak   suggest   that   trace   abundances   of   berthierine  
may  be  present   in  the  samples  between  92-­‐‑103  m.  It   is  not  possible  to  determine  from  




6.3.2  Crossplots  of  Molecular  Indices  and  Lithological  Data  
Cross-­‐‑correlation  diagrams  were  generated  to  evaluate  the  relationships  between  
the  geochemical  and  lithological  data.  The  βα/(αβ+βα)  ratios  of  C30  hopane  were  plotted  
against   the   βα/(αβ+βα)   ratios   of   C31-­‐‑C34   homohopanes   and   the   2α   and   3β-­‐‑
methylhomohopanes  (Fig.  6A  and  B).  In  both  cases,  an  excellent  positive  correlation  is  
observed   with   R2   values   ranging   from   0.88   to   0.99.   Cao   et   al.   (2009)   found   that  
Ts/(Ts+Tm)   varied   inversely   with   the   C30   hopane   βα/(αβ+βα)   ratio.   Likewise,   the  
Ts/(Ts+Tm)   data   reported   by   Cao   et   al.   (2009)   also   correlate   inversely   with   the  
homohopane   and   2α-­‐‑   and   3β-­‐‑   methylhomohopane   βα/(αβ+βα)   ratios   with   R2   values  
ranging  from  0.64  to  0.77  (Fig.  6C  and  D).  
The   carbonate   percentage   and   total   clay   percentage   were   plotted   against   the  
moretane/hopane  ratios  for  all  of  the  hopane  series  and  Ts/(Ts+Tm)  (Fig.  7).  The  percent  
carbonate   and   percent   clay   have   opposite   relationships   with   the   βα/(αβ+βα)   ratios.  
Carbonate  percentage  and  the  βα/(αβ+βα)  ratios  of  all  of  the  hopane  series  are  inversely  
related,   having   R2   values   ranging   from   0.42   to   0.57.   The   correlation   is   significantly  
improved   with   R2   values   from   0.74   to   0.87   when   the   βα/(αβ+βα)   ratios   are   plotted  
against  total  clay  percentage.  Similarly,  the  correlation  of  Ts/(Ts+Tm)  with  the  total  clay  
percentage  (R2  =  0.52)  is  stronger  than  with  the  percent  carbonate  (R2  =  0.36).  However,  
the  R2  values  for  Ts/(Ts+Tm)  versus  carbonate  and  total  clay  percentages  are   less  than  
for  the  βα/(αβ+βα)  ratios  in  both  cases.  
The  βα/(αβ+βα)  ratios  for  all  of  the  hopane  series  were  plotted  together  with  the  
percentages  of  the  different  clay  types  in  Fig.  8.  Like  the  total  clay  percentage,  all  of  the  
clay  types  were  directly  related  to  βα/(αβ+βα),  yet  some  clay  types  were  more  strongly  
correlated   to   βα/(αβ+βα)   than   others.   Kaolinite   had   the   weakest   correlation   with  
βα/(αβ+βα),   having   R2   values   from   0.024   to   0.222.   Likewise,   smectite   was   weakly  
correlated  to  βα/(αβ+βα),  having  R2  values  spanning  0.215  to  0.485.  On  the  other  hand,  
the  percent  chlorite  was  strongly  correlated  with  βα/(αβ+βα),  where  R2  values  ranged  
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from   0.773   to   0.901.   Percent   illite   and   percent  mixed   layer   illite/smectite   also   yielded  
strong  correlations  with  βα/(αβ+βα).  
   The  Ts/(Ts+Tm)  values   from  Cao  et   al.   (2009)  were  plotted  versus   the  different  
types   of   clays.   Low   values   of   Ts/(Ts+Tm)   occur   during   intervals   of   high   clay  
accumulation,   in   particular,   intervals   where   chlorite,   illite,   and   illite/smectite   mixed  
layer  clays  comprise  a  higher  proportion  of  rock  lithology.  The  R2  values  for  Ts/(Ts+Tm)  
were   less   than   the   R2   values   for   the   analogous   βα/(αβ+βα)   plots.   Like   βα/(αβ+βα),  
kaolinite   and   smectite   produced   the   weakest   correlation   coefficients,   while   illite,  
chlorite,   and   mixed   layer   illite/chlorite   had   higher   correlation   coefficients   with  
Ts/(Ts+Tm).  
  
6.3.3   Crossplots   of   C35   Homohopane   Index   and   Hopane/Sterane   ratios   with  
Moretane/Hopane,  Ts/(Ts+Tm)  and  Lithological  Data  
   The  C35  HHI   is  a  redox   indicator,  and  redox  conditions  are  known  to  affect   the  
distribution  of  terpanes  (Peters  et  al.,  2005).  Cross-­‐‑correlation  diagrams  were  generated  
to   evaluate   the   relationships   between   C35   HHI   data   reported   in   Cao   et   al.,   2009   and  
moretane/hopane  ratios  and  Ts/(Ts+Tm)  (Fig.  9).  High  moretane/hopane  ratios  for  C30-­‐‑34  
homohopanes   and   C31-­‐‑33   methylhomohopanes   correspond   to   low   values   of   C35   HHI,  
which  are   indicative  of  oxic   conditions.  On   the  other  hand,   low  values  of  Ts/(Ts+Tm)  
correspond   with   low   values   of   C35   HHI.   These   results   are   consistent   with   previous  
results  relating  redox  indicators  to  moretane  hopane  ratios  and  Ts/(Ts+Tm)  (Moldowan  
et   al.,   1986;   Rullkötter   and   Marzi,   1988;   Wang,   2007).   Interestingly,   high   values   of  
hopane/sterane  percentages  reported  in  Cao  et  al.,  2009  correspond  with  high  values  of  
moretane/hopane  ratios  for  C30-­‐‑34  homohopanes  and  C31-­‐‑33  methylhomohopane  and  low  
values  of  Ts/(Ts+Tm)  (Fig.  9).  This  relationship  is  unexpected  because  if  the  abundance  
of   αβ-­‐‑hopanes   were   driving   the   correlation   between   hopane/sterane   ratios   and  
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moretane/hopane   ratios,   one   would   expect   an   inverse   pattern   between   these   two  
parameters,  which  is  the  opposite  of  what  is  observed.  
   The   C35   HHI   and   hopane/sterane   percentages   were   plotted   against   total   clay  
percent   and   all   of   the   clay   types   detected   in   the  Meishan   section   (Fig.   10   and   11).   In  
general,  the  highest  values  of  percent  total  clay  and  individual  clay  types  correspond  to  
C35  HHI  values  less  than  5%,  but  several  samples  with  significant  kaolinite  abundances  
have  higher  C35  HHI  values.  High  values  of  hopane/sterane  percentages  are  related  to  
high   values   of   total   clay,   chlorite,   illite,  mixed   layer   illite/smectite   (I/S),   and   smectite.  
Kaolinite  and  berthierine  do  not  display  this  same  relationship  with  the  hopane/sterane  




6.4.1  Possible  Causes  of  Moretane  Enrichment  
The  strong  positive   correlations  between   the  C30  hopane  βα/(αβ+βα)   ratios  and  
the  homohopane  and  2α-­‐‑  and  3β-­‐‑methylhomohopane  βα/(αβ+βα)  ratios  imply  that  the  
moretane/hopane   ratios   for   all   of   the   hopane   series   are   controlled   by   the   same  
mechanism,  and  the  mechanism  that  caused  the  anomalously  high  moretane  values   is  
not  confined  or  unique  to  the  extinction  horizon.  Our  results  show  that  moretanes  are  
enriched  in  rocks  that  are  clay-­‐‑rich  and  have  C35  HHI  values  indicating  oxic  conditions,  
which   is  consistent  with   the  results  of  Wang,   (2007)  and  Rullkötter  and  Marzi,   (1988).  
Thermal  maturity,   the   source  of  organic  matter  and  depositional   environment  are   the  
three  possible  factors  that  can  influence  the  distribution  of  triterpane  isomers  (Peters  et  
al.,  2005).  One  or  more  of  these  factors  is  likely  responsible  for  generating  the  moretane  
excursions  recorded  in  the  Lungtan,  Yinkeng  and  Helongshan  formations.    
Thermal  maturity   can   be   estimated   by  measuring   the   degree   of   isomerization,  
including  the  ratio  of  βα-­‐‑moretanes  to  αβ-­‐‑hopanes,  the  conversion  of  22R  to  22S  for  17α,  
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21β(H)-­‐‑homohopanes  and  the  conversion  of  20R  to  20S  steranes.  The  moretane   to  αβ-­‐‑
hopane  ratio  for  the  C30  compound  declines  with  increasing  thermal  maturity  from  ~0.8  
in   immature   rocks   to   <0.15   for   mature   rocks   (Peters   et   al.,   2005).   While   the   ratio   of  
moretanes   to   αβ-­‐‑hopanes   varies   significantly   through   the   drill   core,   the   ratio   of  
22S/(22S+22R)   for   C31   homohopane   is   between   54   and   59%   throughout   the   entire  
Meishan  drill  core  (Cao  et  al.,  2009).  According  to  Larcher  et  al.  (1987),  these  values  are  
expected   for  αβ-­‐‑hopanes  when   the  epimerization   reaction   that   converts   the  biological  
22R  epimer  to  22S  has  reached  endpoint.  The  epimerization  end  point  is  met  before  the  
main   phase   of   oil   generation   (Peters   et   al.,   2005).   The   20S/(20S+20R)   ratios   of   the   C27  
steranes  varies  between  45-­‐‑50%,  which  further  supports  the  conclusion  that  the  whole  
cored   interval   is   within   the   early   stages   of   petroleum   generation   and   shows   little  
variation   throughout   (Cao   et   al.,   2009).   The   largely   constant   relative   percent   of  
illite/smectite  mixed   layer   clay   in   the   section   is   also   consistent  with   constant   thermal  
maturation   throughout   the  Meishan   drill   core   (Pollastro,   1993).   Accordingly,   thermal  
maturity  can  be  ruled  out  as   the   factor  responsible   for  moretane  variability.  Likewise,  
Wang  (2007)  and  Xie  et  al.  (2007)  eliminated  thermal  maturity  as  a  possible  mechanism  
for  generating  the  moretane  anomaly  based  on  additional  lines  of  evidence.  
The  sources  of  organic  matter  profoundly  affect  biomarker  distributions  (Peters  
et   al.,   2005).   Previous   studies   have   argued   that   increased   terrigenous   organic  matter  
input   from   higher   plants,   peat,   or   coal   explains   elevated   moretane/hopane   ratios   in  
cases   where   thermal   maturity   does   not   sufficiently   explain   the   pattern   of  
moretane/hopane   ratios   (Grantham,   1986;   Rullkötter   and   Marzi,   1988;   Isaksen   and  
Bohacs,   1995).   The   link   between  moretanes   and   higher   plant   organic  matter   input   is  
based   on   a   series   of   studies   that   detected   elevated   βα-­‐‑hopanoids   in   terrigenous  
influenced   sediments   and   some  higher  plants.  Unusually  high  abundances  of   17β(H),  
21α-­‐‑   moretan-­‐‑29-­‐‑ol   and   17β(H)-­‐‑moret-­‐‑22(29)-­‐‑ene   have   been   reported   in   acidic   and  
saline   lakes   (Uemura  and   Ishiwatari,   1995;   Ishiwatari   et  al.,   2005;  Aichner  et  al.,   2010;  
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Kristen  et  al.,  2010).  Quirk  et  al.  (1984)  detected  C32  βα-­‐‑alcohols,  C31  methylmoretan-­‐‑29-­‐‑
ol,  and  C32  and  C33  βα  hopanoic  acids  in  peat  samples,  and  elevated  levels  of  moretane  
were  reported  for  coals  (e.g.,  Hughes  and  Dzou,  1995;  Shen  and  Huang,  2007).  Second,  
although   ββ-­‐‑hopanes   are   the   presumed   biological   isomer,   βα-­‐‑hopanoids   have   been  
identified  in  some  organisms.  The  compounds  21α(H)-­‐‑moret-­‐‑22(29)-­‐‑ene  (C30H50)  and  30-­‐‑
nor-­‐‑21α-­‐‑hopan-­‐‑22-­‐‑one   (isoadiantone;   C29H48O)   were   isolated   from   ferns   and   lichens  
(Hveding-­‐‑Bergseth   et   al.,   1983;   Shiojima   and   Ageta,   1990;   Tsuzuki   et   al.,   2001).  
Moretenone   and  moretenol  were   isolated   from  a   small   shrub   (Lavie   et   al.,   1968),   and  
Rosa-­‐‑Putra   et   al.   (2001)   discovered   that   soil   bacteria   Frankia   spp.   synthesize   22(S)-­‐‑
moretan-­‐‑29-­‐‑ol  (C30H52OH).  
Based  on   the  evidence  discussed  above,   some  researchers  have  argued   that   the  
PTB   moretane   anomaly   signals   increased   organic   matter   input   from   higher   plant  
material,  particularly  peat  and  coal  (Wang,  2007;  Xie  et  al.,  2007).  The  data  presented  in  
this  paper  do  not  support  this  explanation.  None  of  the  previous  reports  linking  higher  
plant   organic   matter   input   to   elevated   moretane   abundances   provide   a   viable  
explanation   for   the  parallel   trends  of   the  extended  homohopanes  and   the  2α-­‐‑  and  3β-­‐‑
methylhomohopanes  because,  with  the  exception  of  the  peat  samples  reported  by  Quirk  
et   al.   (1984),   the   βα-­‐‑hopanoids   detected   in   organisms,   peat,   and   coal   are   C29   or   C30  
compounds.  Because   thermal  maturity   and   a   change   in   input   of   higher  plant   organic  
matter  fail  to  account  for  the  observed  moretane  anomalies,  other  source  input  changes  
and  diagenetic  effects  must  be  considered.    
Redox  potential   is  known   to  affect   the  distribution  of   terpanes   in   lipid  extracts  
(Peters  et  al.,  2005).  Multiple  redox  indicators  are  presented  for  the  Meishan  section  in  
Cao  et  al.,  2009.  Values  of  28,30-­‐‑dinorhopane  (28,30-­‐‑DNH)  between  0.5  and  2%  and  the  
detection   of   isorenieratane   and   C14-­‐‑27   aryl   isoprenoids   throughout   the   cored   interval  
indicates  that  all  of  the  sediments  were  deposited  under  reducing  conditions.  However,  
C35  HHI  values  are  highly  variable  through  the  drilled  interval  (0.10-­‐‑14.47  %),  which  is  
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inconsistent   with   the   multiple   redox   indicators   that   suggest   reducing   conditions  
throughout   the   cored   interval.   Homohopane   distribution   depends   on   depositional  
redox   conditions,   sulfur   incorporation   in   organic   matter,   and   biodegradation   (Peters  
and  Moldowan,  1991).  The  rocks  through  the  entire  cored  interval  were  deposited  in  a  
marine   setting   that   likely   had   the   necessary   sulfate   concentrations   required   for  
homohopane  distributions  to  reflect  redox  conditions.  The  discrepancy  of   the  C35  HHI  
with   the   other   redox   indicators   and   the   strong   relationship   of   the   C35   HHI   with   the  
moretane/hopane  ratios,  Ts/(Ts+Tm),  and  lithological  data  suggest  a  detrital  source  for  
the  clays  and  hopanes  in  the  intervals  of  elevated  moretane/hopane  ratios.    
     Multiple  lines  of  evidence  suggest  increased  soil  erosion,  forest  fires,  continental  
weathering,   and   terrigenous   input  during   the  PTB   (Ward  et   al.,   2000;  Retallack   et   al.,  
1998,  2005;  Sephton  et  al.,  2005;  Wang  and  Visscher,  2007;  Cao  et  al.,  2009;  Nabbefeld  et  
al.,   2010b;   S.   Shen   et   al.,   2011;   W.   Shen   et   al.,   2011).   Although   most   studies   do   not  
examine   evidence   earlier   than   the   Changhsingian,   detection   of   particular   polycyclic  
aromatic  hydrocarbons  (PAHs)  in  samples  from  Meishan  prior  to  the  extinction  horizon  
suggests  that  there  may  have  been  earlier  pulses  of  land-­‐‑derived  organic  matter  to  the  
marine   system   (Nabbefeld   et   al.,   2010b).   Interestingly,   the   highest   values   of   retene,   a  
PAH  thought  to  be  derived  from  coniferous  resin  (Peters  et  al.,  2005),  is  concurrent  with  
the   earliest   interval   of   moretane/hopane   enrichment   in   the   Lungtan   Formation.  
Accordingly,   there  may   have   been   increased   terrigenous   input   to   the  marine   system  
during   the   PTB   and   the  Wuchiapingian,  which   is   consistent  with   a   detrital   origin   of  
clays  and  hopanes  during  these  intervals.  
Increased   organic   matter   input   from   higher   plant   matter   cannot   explain   the  
parallel  patterns  of  βα/(αβ+βα)  for  C30-­‐‑34  homohopanes  and  C31-­‐‑33  methylhomohopanes,  
but   increased   input   of   hopanoids   from   soil   bacteria   may   explain   the   anomalous  
moretane/hopane  ratios  observed  in  all  hopane  series.  The  hypothesis  that  there  was  an  
influx   of   hopanoids   from   soil   bacteria   to   the   marine   system   is   supported   by   the  
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observation  that  high  moretane/hopane  ratios  for  all  hopane  series  are  associated  with  
high   hopane/sterane   percentages.   This   hypothesis   is   further   supported   by   the  
observation  that  high  hopane/sterane  percentages  are  associated  with  high  percentages  
of   total   clay   and   high   abundances   of   the   clay   types   that   are   most   tightly   related   to  
moretane/hopane   ratios   (chlorite,   illite,   mixed   layer   illite/smectite,   and   smectite).  We  
conclude   that   the   multiple   intervals   of   elevated   moretanes   were   characterized   by  
increased  input  of  hopanoids  derived  from  soils.  However,  this  change  in  source  input  
alone   does   not   fully   explain   the   moretane   stereochemical   anomalies.   While   βα-­‐‑
hopanoids  have  been  identified  in  one  type  of  soil  bacteria  (Rosa-­‐‑Putra  et  al.  2001),  it  is  
more   likely   that   the   detrital   clays   and   redox   conditions   of   the   original   depositional  
environment   controlled   the   stereochemistry   of   the   soil-­‐‑derived   hopanoids   that   were  
ultimately  deposited  in  marine  sediments.  Therefore,  a  combination  of  hopanoid  input  
from   soils   and   diagenetic   effects   generated   the   unique   moretane/hopanes   patterns  
observed  at  Meishan.  
  
6.4.2  Discussion   of   Possible  Mechanisms   for  Mineral   Preservation   of   βα-­‐‑hopanoid  
Stereochemistry  
Certain   minerals   are   known   to   mediate   diagenetic   reactions.   In   addition   to  
thermal   maturity   and   the   source   of   organic   matter,   depositional   environment   and  
lithology   are   known   to   affect   the   distribution   of   biomarkers,   including   the  
moretane/hopane  ratio  (Moldowan  et  al.,  1986;  Curiale  and  Odermatt,  1989;  Peters  et  al.,  
2005).   If   given   sufficient   time   and   heat,   the   biological   isomers   decline   relative   to   the  
thermodynamically   preferred   isomers.   However,   this   simplistic   view   is   further  
complicated   by   factors   that   affect   the   relative   rates   of   hydrocarbon   generation,  
isomerization,  and  thermal  degradation  (Lu  et  al.,  1989;  Farrimond  et  al.,  1998).  Mineral  
composition   has   been   shown   to   affect   the   degree   of   isomerization   for   steranes   and  
hopanes   in  natural   systems  as  well   as   laboratory  pyrolysis   experiments   (Rullkötter   et  
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al.,  1985;  Eglinton  et  al.,  1986;  Curiale  and  Odermatt,  1989;  Lu  et  al.,  1989;  Peters  et  al.,  
1990;  Farrimond  et  al.,  1998;  Pan  et  al.,  2010),  but  distinguishing  between  mineral  effects  
on  biomarker  genesis,  isomerization,  and  thermal  degradation  is  difficult.  Moreover,  it  
is   possible   that   a   combination   of   these   mineral   composition   effects   plays   a   role   in  
controlling  biomarker  stereoisomer  distribution.  
Originally,   it   was   believed   that   the   biologically   preferred   ββ-­‐‑hopane   was  
converted   to   the   βα-­‐‑hopane   and   αβ-­‐‑hopane   according   to   the   energy   diagram   and  
schematic  depicted   in  Seifert   and  Moldowan   (1980).  The   thermodynamic   stabilities  of  
the  hopane  stereoisomers  were  later  confirmed  by  molecular  mechanics  (Kolaczkowska  
et   al.,   1990).   However,   it   was   recognized   that   minerals   could   modulate   the   rates   of  
epimerization.   In   particular,   acidic   surface   sites   of   certain   clay   types   were   shown   to  
catalyze  isomerization,  rearrangement,  and  hydrogen  exchange  reactions  (Solomon  and  
Swift,  1967;  Sieskind  et  al.,  1979;  Saxby  et  al.,  1992).  Alexander  et  al.  (1984)  proposed  an  
epimerization  mechanism  that  proceeded  through  a  planar  sp2  hybridized  intermediate.  
Due   to   the   enhanced   stabilities   of   tertiary,   allylic,   or   benzylic   carbocation   and   radical  
intermediates,  these  positions  interact  with  clay  surface  sites.  The  carbon  adjacent  to  the  
carbocation  or  radical  intermediate  then  undergoes  hydrogen  exchange  and  loss  of  the  
original  stereochemistry  if  the  hydrogen  is  added  from  the  opposite  face  (Alexander  et  
al.,   1984).   If   the   mechanism   proposed   by   Alexander   et   al.   (1984)   is   correct,   clay-­‐‑
catalyzed   epimerization  may   be   stereoselective.   In  which   case,   the   conversion   of   ββ-­‐‑
hopane   to   αβ-­‐‑hopane   would   be   less   favorable   than   the   conversion   to   βα-­‐‑hopane  
because  C22   is  arguably  the  most  accessible  tertiary  carbon  in  the  hopane  skeleton  that  
could   interact   with   the   clay   surface   and   form   a   carbocation   intermediate,   thus  
promoting  epimerization  at  the  adjacent  C-­‐‑21.  
However,   direct   epimerization   of   the   free   ββ-­‐‑hopane   to   βα-­‐‑hopane   and   αβ-­‐‑
hopane  isomers  is  not  the  only  factor  that  affects  the  isomeric  distribution  of  hopanes.  
Indeed,   the   rates   of   hydrocarbon   release   from   kerogen   and   asphaltene,   rates   of  
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generation   of   hydrocarbons   from   functionalized   moieties,   and   rates   of   hydrocarbon  
thermal  degradation  may  also  play  significant  roles  in  controlling  isomer  distributions  
of  biomarkers.  Mineralogy  may  mediate  these  processes,  thus  influencing  the  initial  and  
final  biomarker  distribution   (Eglinton  et  al.,  1986;  Huizinga  et  al.,  1987;  Larcher  et  al.,  
1988;  Lu  et   al.,   1989;  Abbott   et   al.,   1990;  Bishop  and  Abbott,   1993;  Bishop  et   al.,   1998;  
Farrimond   et   al.,   1998,   2002;  Koopmans   et   al.,   1998;  Wei   et   al.,   2006;   Pan   et   al.,   2009,  
2010).   Furthermore,   both   organic   and   inorganic   protective   matrices   can   affect   lipid  
biomarker   distributions   (Hedges   and  Keil,   1995;  Huang   et   al.,   2008;  Mead   and  Goni,  
2008).  Active   clay   surfaces,   in   particular,   tend   to   selectively   adsorb  polar   compounds  
(Pan  et  al.,  2005).  For  this  reason,  the  preservation  and  generation  mechanisms  of  polar  
hopane  precursor  compounds  may  offer  insight  to  the  moretane  anomalies  at  Meishan  
detailed  in  this  report.  
Hopanoic  acids  can  be  a  significant  source  of  free  hopanes  (Bennett  and  Abbott,  
1999).  Laboratory  and  field  results  have  demonstrated  that  the  degree  of  isomerization  
of  free  hopanes  is  greater  than  kerogen-­‐‑bound  and  functionalized  hopanoids,  including  
hopanoic   acids   (Tannenbaum   et   al.,   1986;   Peters   and  Moldowan,   1991;   Bishop   et   al.,  
1998;  Murray  et  al.,  1998;  Farrimond  et  al.,  2002;  Lockhart  et  al.,  2008).  Isomerization  in  
the  hopane  E-­‐‑ring  may  occur  during  the  decarboxylation  of  hopanoic  acids  to  yield  free  
hopanes  or  during  bond  cleavage  of  kerogen-­‐‑bound  hopanoids  (Farrimond  et  al.,  1998,  
2002).   Alternatively,   rates   of   isomerization  may   be   slower   for   bound   hopanoids   and  
functionalized  hopanoids  than  for  free  hopanes,  as  discussed  below.    
Hopanoic  acids  released  from  kerogen  or  produced  during  early  diagenesis  may  
become   adsorbed   on   the   mineral   matrix   and/or   polar   organic   matter   by   ionic  
interactions   (Huizinga   et   al.,   1987;  Thomas   et   al.,   1993;  Kubicki   et   al.,   1999).   Previous  
works   show   that   “trapped”   or   “bound”   hydrocarbons   isomerize   at   slower   rates   than  
free   hydrocarbons   (Derenne   et   al.,   1988;   Jaffé   and   Gardinali,   1990;   Jaffé   et   al.,   1997).  
Likewise,  adsorption  of  polar  moretane  precursors  to  the  surface  of  a  protective  matrix  
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could   effectively   retard   the   rates   of   isomerization   until   release   at   high   maturities.  
Carboxylic   acids   tend   to   adsorb   strongly   on   inorganic   surfaces   (Thomas   et   al.,   1993).  
However,  the  preservation  potential  of  the  less  mature  hopanoic  acid  signature  depends  
on   the   adsorptive   capacity  of   the  mineral   surface   (Ransom  et   al.,   1998;  Kubicki   et   al.,  
1999).   The   different   surface   chemistries   associated   with   individual   clay   types   have  
unique   affinities   for   organic   matter,   which   could   explain   the   different   correlation  
strengths  observed  for  βα/(αβ+βα)  and  the  different  clay  types  at  Meishan.  However,  a  
more   comprehensive   study   is   required   that   characterizes   the   interaction   of   polar  
precursors   of   hopanoids  with   the   clay   types   at  Meishan   and  monitors   hopanoic   acid  
interactions  with  the  mineral  surface  over  a  range  of  temperature  and  times.  
  
6.4.3  Discussion  of  Depositional  Environment,  Source  Input,  and  Ts/(Ts+Tm)  
Like  the  moretane/hopane  ratios,   the  Ts/(Ts+Tm)  thermal  maturity  parameter  is  
also  strongly  influenced  by  source  input,  lithology,  oxicity,  and  acidity  of  depositional  
environment  (McKirdy  et  al.,  1983;  Moldowan  et  al.,  1986;  Waples  and  Machihara,  1990;  
Dahl  et  al.,  1993;  Peters  et  al.,  2005;  Bennett  and  Olsen,  2007).  According   to  molecular  
mechanics   and   observation,   Tm   (or   C27   17α-­‐‑trisnorhopane)   is   less   stable   than   the  
rearranged   Ts   isomer   (or   C27   18α-­‐‑trisnorhopane)   (Seifert   and   Moldowan,   1978;  
Kolaczkowska  et  al.,  1990).  According  to  Fig.  6,  Ts/(Ts+Tm)  seems  to  be  related  not  only  
to  C30  βα/(αβ+βα)  as   shown   in  Cao  et   al.   (2009),   but   it   is   also   inversely   related   to   the  
βα/(αβ+βα)  values  of  the  homohopane  and  2α-­‐‑  and  3β-­‐‑  methylhomohopane  series.  This  
inverse   relationship   would   be   expected   for   Ts/(Ts+Tm)   and   βα/(αβ+βα)   if   thermal  
maturity  was  the  primary  control  on  these  parameters.  Like  βα/(αβ+βα),  Ts/(Ts+Tm)  co-­‐‑
varies   with   total   clay   percent,   specific   clay   type   abundances,   C35   HHI,   and  
hopane/sterane   percentages   at   the   Meishan   section.   As   discussed   above,   maturity  
parameters  that  more  appropriately  evaluate  the  thermal  history  of  this  section,  indicate  
relatively  constant  thermal  maturity  through  the  section,  so  the  same  mechanisms  that  
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are   influencing   the   moretane/hopane   ratios   are   likely   affecting   Ts/(Ts+Tm).   Unlike  
previous  studies  that  show  that  carbonate  source  rocks  tend  to  generate  oil  with  lower  
Ts/(Ts+Tm)   values   than   clay-­‐‑rich   source   rocks   (McKirdy   et   al.,   1983;   Waples   and  
Machihara,  1990;  Peters  et  al.,  2005;  Bennett  and  Olsen,  2007),  our  results  show  that  low  
values  of  Ts/(Ts+Tm)  coincide  with  intervals  of  high  clay  content.  However,  our  results  
are   consistent   with   previous  work   that   indicates   Tm   is   favored   over   the   rearranged,  
more  stable  isomer  Ts  in  oxidizing  conditions  (Moldowan  et  al.,  1986).  Like  our  results  
that  show  high  values  of  Ts/(Ts+Tm)  in  carbonate-­‐‑rich  rocks  deposited  under  reducing  
conditions,  Rullkötter  and  Marzi,   (1988)  found  higher  values  of  Ts/(Ts+Tm)  associated  
with   the   relatively   carbonate-­‐‑rich   Lias   ε   unit   which   was   deposited   under   reducing  
conditions   compared   to   the   adjacent   carbonate-­‐‑poor   mudstone   facies   that   was  
deposited  under  oxic  conditions.  Input  of  soil-­‐‑derived  hopanoids  seems  to  play  a  role  in  
the   moretane/hopane   ratio   patterns,   and   the   relationship   of   Ts/(Ts+Tm)   with  
hopane/sterane  percentages  suggests  that  source  input  may  be  affecting  Ts/(Ts+Tm)  as  
well.   In   total,   these   results   indicate   that   a   combination   of   source   input   effects   and  
depositional  factors,  including  oxicity  and  lithology,  control  Ts/(Ts+Tm)  and  complicate  
the  interpretation  of  this  geochemical  indicator.    
  
6.4.4   Discussion   of   Lithology,   C35   Homohopane   Index   and   Additional   Molecular  
Parameters  
Lithology   and   redox   conditions   affect   other  molecular   maturity   parameters   in  
addition   to   moretane/hopane   ratios   and   Ts/(Ts+Tm)   (Peters   et   al.,   2005).   Molecular  
parameters   from   Cao   et   al.   (2009),   including   28,30-­‐‑bisnorhopane/C30   hopane,  
gammacerane/C30   hopane,   C29   diasterane/regular   sterane,   and   C27   diasterane/regular  
sterane   were   plotted   against   percent   carbonate,   percent   total   clay,   percent   total  
clay/TOC,  C35  HHI,   and   hopane/sterane   percentages.  No   significant   correlations  were  
identified  with  the  exception  of  an  inverse  correlation  of  C29  diasterane/regular  sterane  
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and  C27  diasterane/regular  sterane  with  hopane/sterane  percentages.  The  absence  of  any  
relationship  with  clay/TOC  is  counter  to  the  results  of  van  Kaam-­‐‑Peters  et  al.  (1998)  and  
Nabbefeld  et  al.  (2010a),  although  the  different  environmental  settings,  lithologies,  and  
methods  may  partially  explain  the  discrepancy.  
Having  recognized  a  detrital,  clay-­‐‑borne  contribution  to  the  hopanoid  inventory  
during   intervals   of   enhanced   moretane   accumulation   at   Meishan,   the   absence   of   a  
relationship   between   diasterane/regular   sterane   ratio   and   lithology   comes   into   focus.  
Terrigenous  organic  matter   tends   to  have  higher  abundances  of  hopanoids  and   lower  
contents  of   steroids   relative   to  TOC  compared   to  marine  organic  matter   (Peters  et  al.,  
2005;  Handley  et  al.,  2010;  Sáenz  et  al.,  2011).     Thus,   in  marine  settings   the  sources  of  
steroids   are  mainly  marine   algae   from   the  water   column.  During   sedimentation   in   a  
strongly  reducing  setting,  steroids  may  be  relatively  unaffected  by  diagenetic  processes  
associated  with   the   clays.   In   other  words,   in   this   particular   environment   steroid   and  
hopanoid   diagenetic   processes   are   decoupled   to   the   degree   that   some   fraction   of   the  
hopanoids  is  derived  from  detrital  sources  while  the  sterols  are  predominantly  of  local  
origin.    
  
6.4.5  Potential  Sources  of  Berthierine  
   The  discovery  of  measurable  berthierine  and  evidence  of  trace  berthierine  in  the  
Lungtan  and  Yinkeng  Formations,  respectively,  is  an  observation  with  multiple  possible  
environmental  implications.  Berthierine  forms  in  reducing  environments,  but  low  levels  
of   sulfide   and   bicarbonate   are   also   required   because   pyrite   or   siderite   formation   is  
favored  over  berthierine  formation  in  reducing  conditions  in  the  presence  of  sulfide  and  
bicarbonate,   respectively   (Taylor   and  Curtis;   1995;   Fritz   and   Toth,   1997;   Sheldon   and  
Retallack,  2002).   Interestingly,   the  berthierine-­‐‑rich  samples  occur   in  the  only  kaolinite-­‐‑
rich   interval  of   the   section,   and  kaolinite   is   implicated   in   the   formation  of  berthierine  
(Sheldon   and  Retallack,   2002).   In   contrast,   samples   from   the  Yinkeng  Formation  with  
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evidence  of  trace  berthierine  are  kaolinite-­‐‑poor  and  smectite-­‐‑rich.  Smectite  and  kaolinite  
signify  different  weathering   conditions,   and  as  a   result,   the   clay   composition  of   these  
two  intervals  indicates  that  two  different  soil  types  are  contributing  to  the  sediments.    
The  detection  of  berthierine  in  samples  from  the  Lungtan  Formation  where  low  
C35   HHI   values   indicates   oxic   conditions   suggests   that   one   or   both   of   these   redox  
indicators  have  a  detrital  component.  While  it  is  not  possible  to  conclusively  determine  
from  our  results  whether  the  berthierine  is  authigenic  or  detrital,  it  is  interesting  to  note  
that  berthierine  was  discovered  in  high  latitude  paleosols  deposited  in  the  Early  Triassic  
following  the  PTB  (Sheldon  and  Retallack,  2002).  Formation  of  berthierine  in  soils  is  rare  
because  of  the  environmental  requirements  for  formation,  but  weathering  or  erosion  of  
berthierine-­‐‑containing   paleosols   could   contribute   detrital   berthierine   to   the   marine  
setting.  The  berthierine-­‐‑containing  paleosols  reported  in  Sheldon  and  Retallack,  2002  do  
not   correspond   well   spatially   or   temporally   with   the   berthierine-­‐‑rich   samples   in   the  
Lungtan  Formation,  but   the  discovery  of  berthierine   in  paleosols  may  offer  a  possible  
mechanism   for   delivery   of   berthierine   to   marine   sediments   in   the   event   that   the  




Three   periods   of   moretane   enhancement,   two   in   the   Triassic   and   one   in   the  
Permian,   are   recorded   in   the   core   from   the   Meishan   section   in   southeastern   China.  
These  C30  moretane/hopane  excursions  are  echoed  in  the  homohopanes  and  2α-­‐‑  and  3β-­‐‑  
methylhomohopanes.  In  light  of  the  multiple  and  parallel  moretane  ‘anomalies’  for  the  
homohopane   and  2α-­‐‑   and  3β-­‐‑methylhomohopane   series,   enhanced   input   from  higher  
plant  organic  matter  does  not  adequately  explain  the  observed  hopane  isomer  patterns  
at  Meishan.   Correlation   of   high  moretane/hopane   ratios   with   low   C35   HHI   and   high  
hopane/sterane   ratios   suggest   increased   input   of   hopanoids   from   soils   that   are  
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influenced   by   oxic   conditions   during   transport.   However,   this   shift   in   source   input  
alone  cannot  explain  the  hopane  stereochemical  patterns  at  Meishan.  Based  on  C35  HHI  
and  mineralogical  analyses,  we  conclude  that  diagenetic  processes  related  to   lithology  
and   redox   determine   the   βα-­‐‑moretane/αβ-­‐‑hopane   distribution   for   all   of   the   hopane  
series  throughout  the  cored  interval.  It  seems  likely  that  certain  clay  types  preferentially  
bind  triterpanes  having  the  moretane  configuration.  Berthierine,  a  clay  that  is  formed  in  
reducing  conditions,  was  detected  in  samples  from  the  Lungtan  Formation.  It  is  unclear  
from   our   results   whether   the   berthierine   is   authigenic   of   detrital,   but   future  
determination   of   the   origin   of   berthierine   at   Meishan   may   offer   additional  
environmental  insight.  
Additional   molecular   parameters   were   tested   for   relationships   with   lithology.  
Hopane/sterane   ratios,   C35   HHI,   percent   total   clay,   chlorite,   illite,   and   illite/smectite  
mixed   layer   clay   showed  significant   relationships  with  Ts/(Ts+Tm),   suggesting   source  
input,  lithology,  and  redox  also  affect  this  ratio.  However,  unlike  previous  studies  (van  
Kaam-­‐‑Peters   et   al.,   1998;   Nabbefeld   et   al.,   2010a)   that   reported   a   link   between  
diasteranes   and   percent   clay/TOC,   this   relationship   was   noticeably   absent   in   the  
sediments  at  Meishan.  Therefore,  it  seems  likely  that  the  diagenesis  of  steroids  here  was  
decoupled  from  the  clay  component  and  more  under  the  control  of  the  intense  reducing  
conditions   that   prevailed   in   the   water   column.   In   total,   our   results   point   toward   a  
complex   role   of   redox   and   lithology   in   the   transformation   of   organic   matter   during  
diagenesis   and   maturation.   Future   work   is   required   to   disentangle   the   lithological  
effects  on  diagenetic  processes,  including  biomarker  genesis  isomerization,  and  thermal  
degradation.   We   conclude   that   a   combination   of   episodic   hopanoid   input   from   soil  
bacteria   and   diagenetic   effects   related   to   redox   and   detrital   clays   generated   the  
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Figure.  1.  Structures  of  the  ββ-­‐‑hopanoid  (1),  αβ-­‐‑hopanoid  (2),  βα-­‐‑hopanoid  (3),  and  the  
αα-­‐‑hopanoid   (4)   series   are   illustrated.   Key   asymmetric   carbon   atoms   of   interest   are  
labeled.   The  mass   spectrometry   fragment  A   is  marked  with   the   expected  mass   units  
depending  on  methylation.  The  molecular  ion  is  indicated  and  has  an  expected  mass  of  
412  for  C30  hopane  up  to  482  for  C35  hopanes.  




Figure   2.   Multiple   reaction   monitoring   (MRM)   chromatograms   from   sample   MS-­‐‑
core1-­‐‑  35-­‐‑1  at  94.53  m  depth  are  shown.  The  MRM  transitions  are  written  to  the  right  of  
the   chromatogram.   In   the   left   column,   the   191.179   fragment   corresponds   to   the   A/B  
rings   for   homohopanes   (see   Fig.   1).   In   the   right   column,   the   205   mass   fragment  
corresponds   to   the  A/B   ring   fragment   for   2α-­‐‑   and   3β-­‐‑methylhomohopanes.  All   peaks  
are  marked  numerically  with  the  corresponding  identification  to  the  right.  




Figure   3.   Vertical   profiles   of  molecular   parameters,   including   the   moretane/hopane  
ratio   (βα/(βα+αβ))   of   C30   (A),   the   homohopane   series   (B),   the   2α-­‐‑   and   3β-­‐‑
methylhomohopanes   (C),   Ts/(Ts+Tm)   (D),   the   C35   homohopane   index   (%)   (E),   and  
hopane/sterane  (%)  (F),  are  plotted  versus  the  stratigraphic  column  (modified  from  Cao  
et  al.,  2009).  The  Ts/Ts+Tm,  C35  HHI,  and  hopane/sterane  data  are  from  Cao  et  al.,  2009.  
The   three  moretane/hopane   excursions   occur   at   39.56  m,   92.61-­‐‑102.59  m,   and   186.91-­‐‑
213.52  m.  The   legend  for   the  stratigraphic  column  is  at  bottom  right.   In   the  expanded  
view   of   the   conodont   zones   in   the   legend,   the   PTB   is   marked   according   to   the   first  
appearance   of   the   conodont   Hindeodus   parvus,   and   the   extinction   horizon   (EH)   is  
marked  at  the  top  of  bed  24.  
  




Figure  4.  Vertical  profiles  of   the  bulk  lithological  components   by  percentage  versus  
the  stratigraphic  column  (modified  from  Cao  et  al.,  2009).  A)  percentage  carbonate;  B)  






Figure   5.   Vertical   profiles   of   clay   types   plotted   against   the   stratigraphic   column  
(modified  from  Cao  et  al.  2009).  A)  Absolute  percent  illite;  B)  absolute  percent  chlorite;  
C)  absolute  percent   smectite;  D)  absolute  percent  kaolinite;  E)  absolute  percent  mixed  
layer   illite/smectite   (I/S);   F)   absolute   percent   berthierine.  Note   the   difference   in   the   x  
axis  scale  for  clay  types.  See  figure  3  for  the  stratigraphic  column  legend.  
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Figure   6.   Cross-­‐‑correlations   of   molecular   indicies.   Plots   A   and   B   relate  
moretane/hopane  of  the  C30  hopane  to  the  higher  homologues  of  the  homohopane  series  
and  2α-­‐‑  &  3β-­‐‑  methylhomohopane  series,  respectively.  Plots  C  and  D  relate  Ts  /(Ts+Tm)  
to   the   higher   homologues   of   the   homohopane   series   and   2α-­‐‑   and   3β-­‐‑
methylhomohopane   series,   respectively.   The   R2   value   associated   with   the   linear  
regression  for  each  series  relationship  is  given  in  the  legend.  
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Figure   7.   Cross-­‐‑correlations   of  molecular   and   bulk   lithological   data.   Plots   A   and   B  
relate   carbonate   weight   percentage   and   total   bulk   clay   to   the   homohopane   series,  
respectively.     Plots  C  and  D  relate  carbonate  weight  percentage  and  total  bulk  clay   to  
the   2α-­‐‑   and   3β-­‐‑   methylhomohopane   series.   Plots   E   and   F   relate   carbonate   weight  
percentage  and  total  bulk  clay  to  Ts/(Ts+Tm).  
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Figure   8.   Correlations   between  
moretane/hopane   ratios   and   the  
specific   clay   types   are   shown   for   the  
homohopane   and   2α-­‐‑   and   3β-­‐‑
methylhomohopane   series.   The   R2  
values   are   listed   in   the   legend   next   to  
the   corresponding   series.   A)   Absolute  
percent   chlorite;   B)   absolute   percent  
illite;   C)   absolute   percent   mixed   layer  
illite/smectite   (I/S);  D)  absolute  percent  
smectite;  E)  absolute  percent  kaolinite.  




Figure   9.   Correlations   of   geochemical   source   and   redox   indicators   against  
moretane/hopane   ratios   and   Ts/(Ts+Tm).   C35   HHI   (%)   vs.   homohopanes   βα/(βα+αβ)  
(A),   methylhomohopanes   βα/(βα+αβ)   (C),   and   Ts/(Ts+Tm)   (E).   Hopane/Sterane   (%)  
versus   homohopanes   βα/(βα+αβ)   (B),   methylhomohopanes   βα/(βα+αβ)   (D),   and  
Ts/(Ts+Tm)  (F).  
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Figure   10.  Correlations   of  C35  HHI   (%),   a   redox   indicator,   against  percent   total   clay  
and   clay   types.   C35   HHI   (%)   vs.   percent   total   clay   (A),   absolute   percent   chlorite   (B),  
absolute   percent   illite   (C),   absolute   percent   illite/smectite   mixed   layer   clay   (I/S)   (D),  




Figure   11.   Correlations   of   Hopane/Sterane   (%),   a   geochemical   source   indicator,  
against  percent  total  clay  and  clay  types.  Hopane/Sterane  (%)  vs.  percent  total  clay  (A),  
absolute  percent  chlorite   (B),  absolute  percent   illite   (C),  absolute  percent   illite/smectite  
mixed  layer  clay  (I/S)  (D),  absolute  percent  smectite  (E),  absolute  percent  kaolinite  (F),  
absolute  percent  berthierine  (G).    
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2α  Me  C31  
βα/(βα+αβ)  
2α  Me  C32  
βα/(βα+αβ)  
2α  Me  C33  
βα/(βα+αβ)  
3β  Me  C33  
βα/(βα+αβ)  
                                                      
MS05-­‐‑140   7.05   0.069   0.101   0.067   0.075   0.080   0.070   0.104   0.037   0.103  
MS05-­‐‑165   31.05   0.059   0.092   0.060   0.074   0.043   0.045   0.111   -­‐‑     -­‐‑    
MS05-­‐‑170   39.56   0.138   0.151   0.122   0.129   0.133   0.135   0.142   0.112   0.140  
MS05-­‐‑175   46.79   0.060   0.098   0.041   0.054   0.063   0.047   0.092     -­‐‑     -­‐‑  
MS05-­‐‑180   61.77   0.118   0.135   0.103   0.098   0.088   0.091   0.151   0.098   0.113  
MS05-­‐‑200     89.71   0.152   0.140   0.140   0.145   0.134   0.154   0.209   0.132   0.189  
MS-­‐‑1-­‐‑
core  36-­‐‑3    
92.61   0.335   0.223   0.227   0.267   0.246   0.302   0.304   0.244   0.260  
MS-­‐‑1-­‐‑
core  35-­‐‑1    
94.53   0.343   0.228   0.233   0.267   0.221   0.329   0.290   0.238   0.234  
MS-­‐‑1-­‐‑
core  34-­‐‑3    
102.59   0.300   0.197   0.210   0.222   0.226   0.298   0.263     -­‐‑   0.205  
MS05-­‐‑2b     111.44   0.053   0.043   0.036   0.075   0.070   0.064   0.078     -­‐‑     -­‐‑  
MS05-­‐‑10   116.51   0.048   0.088   0.041   0.050   0.090   0.075   0.087   0.052   0.068  
MS05-­‐‑30   127.82   0.048   0.103   0.057   0.055   0.048   0.084   0.102   0.056   0.062  
MS05-­‐‑60   147.08   0.045   0.092   0.035   0.043   0.041   0.055   0.088   0.030   0.121  
MS05-­‐‑76   157.48   0.052   0.085   0.039   0.053   0.044   0.063   0.083   0.045   0.045  
MS05-­‐‑92b   169.24   0.045   0.084   0.044   0.052   0.046   0.046   0.079   0.056   0.067  
MS05-­‐‑117   186.91   0.211   0.172   0.168   0.176   0.168   0.208   0.227   0.193   0.177  
MS05-­‐‑134   208.22   0.222   0.170   0.175   0.180   0.163   0.271   0.251   0.200   0.165  
MS05-­‐‑
136c  
211.3   0.188   0.161   0.146   0.165   0.155   0.190   0.226   0.220   0.157  
MS05-­‐‑138     213.52   0.073   0.090   0.057   0.066   0.051   0.080   0.088   0.054   0.093  
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MS05-­‐‑140   0.12   99.0   0.85   0.00  
MS05-­‐‑165   0.16   99.0   0.82   0.00  
MS05-­‐‑170   2.74   96.2   1.07   0.00  
MS05-­‐‑175   2.52   96.6   0.74   0.13  
MS05-­‐‑180   1.37   98.5   0.11   0.04  
MS05-­‐‑200     41.6   14.6   42.8   1.11  
MS-­‐‑1-­‐‑core  36-­‐‑3     45.0   20.4   28.1   6.41  
MS-­‐‑1-­‐‑core  35-­‐‑1     47.9   16.5   29.3   6.38  
MS-­‐‑1-­‐‑core  34-­‐‑3     49.8   14.4   31.4   4.41  
MS05-­‐‑2b     2.01   82.2   15.8   0.00  
MS05-­‐‑10   0.49   90.7   8.84   0.00  
MS05-­‐‑30   6.90   44.5   48.5   0.12  
MS05-­‐‑60   1.83   62.0   36.1   0.05  
MS05-­‐‑76   0.00   77.7   22.4   0.00  
MS05-­‐‑92b   0.27   91.7   8.03   0.00  
MS05-­‐‑117   43.6   8.54   42.8   5.00  
MS05-­‐‑134   26.3   10.3   58.6   4.71  
MS05-­‐‑136c   38.8   11.4   42.8   6.93  
MS05-­‐‑138     2.64   13.8   78.9   4.74  
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MS05-140 0.07 0.00 0.01 0.01 0.04 0.00 
MS05-165 0.06 0.00 0.06 0.00 0.04 0.00 
MS05-170 1.45 0.00 0.00 0.48 0.81 <0.01 
MS05-175 1.30 0.00 0.01 0.42 0.79 <0.01 
MS05-180 0.63 0.00 0.00 0.20 0.53 <0.01 
ms05-200  14.7 0.00 0.27 3.38 13.2 9.96 
ms-1-core 36-3  14.5 0.00 0.00 6.87 18.4 5.27 
ms-1-core 35-1  17.3 0.00 0.00 9.38 13.9 7.21 
ms-1-core 34-3  16.4 0.00 0.01 8.31 15.3 9.73 
ms05-2b  0.26 0.00 0.25 0.00 1.49 0.00 
MS05-10 0.25 0.00 0.07 0.00 0.17 0.00 
MS05-30 0.76 0.00 2.14 0.00 4.00 0.00 
MS05-60 0.28 0.00 0.91 0.00 0.65 0.00 
MS05-76 0.00 0.00 0.00 0.00 0.00 0.00 
MS05-92b 0.11 0.00 0.06 0.00 0.11 0.00 
MS05-117 7.40 2.43 7.53 6.21 20.1 0.02 
MS05-134 6.34 2.67 4.75 3.56 9.00 0.01 
MS05-136c 11.5 3.83 5.41 5.84 12.2 0.02 























              
MS05-140 54.4 0.00 10.7 4.43 30.5 0.03 
MS05-165 35.8 0.00 37.2 0.00 27.0 0.00 
MS05-170 53.0 0.00 0.00 17.4 29.5 0.14 
MS05-175 51.7 0.00 0.32 16.8 31.2 0.00 
MS05-180 46.3 0.00 0.00 14.9 38.7 0.08 
ms05-200  35.4 0.00 0.65 8.14 31.9 24.0 
ms-1-core 36-3  32.3 0.00 0.00 15.3 40.8 11.7 
ms-1-core 35-1  36.2 0.00 0.00 19.6 29.1 15.1 
ms-1-core 34-3  33.0 0.00 0.01 16.7 30.7 19.6 
ms05-2b  13.0 0.00 12.5 0.00 74.4 0.00 
MS05-10 51.0 0.00 13.3 0.00 35.7 0.00 
MS05-30 11.0 0.00 31.0 0.00 58.0 0.00 
MS05-60 15.3 0.00 49.4 0.00 35.3 0.00 
MS05-76 48.3 0.00 17.6 0.00 34.1 0.00 
MS05-92b 38.6 0.00 20.1 0.00 41.2 0.15 
MS05-117 16.9 5.56 17.3 14.2 46.0 0.05 
MS05-134 24.1 10.1 18.0 13.5 34.2 0.05 
MS05-136c 29.7 9.87 13.9 15.0 31.4 0.05 













   The   previous   chapters   have   discussed   the   fidelity   and   application   of   multiple  
geochemical  tools  that  have  provided  the  basis  for  illuminating  aspects  of  Earth’s  redox  
evolution,   particularly   the   origin   of   oxygenic   photosynthesis   and   the   occurrence   of  
photic   zone   euxinia.   The   finding   that   currently   existing   hydrocarbon   biomarkers   in  
Archean  rocks  were  introduced  via  contamination  affects  the  late  Archean  sequence  of  
events  preceding   the  GOE.  At  present,  we   cannot  know  whether  hopanes  or   steranes  
were   deposited   in   Archean   rocks   because   the   thermal   maturity   of   the   currently  
characterized   rocks   is   too  high,   thereby  concealing   the  organic  precursor   compounds.  
While  inorganic  evidence  has  been  used  to  suggest  whiffs  of  oxygen  and  oxygen  oases  
as  indirect  evidence  of  oxygenic  photosynthesis  hundreds  of  millions  of  years  prior  to  
the  GOE  (e.g.  1-­‐‑3),  some  of  this  inorganic  evidence  for  pre-­‐‑GOE  oxygen  production  has  
also  recently  come  under  question  (4).  A  different   line  of  evidence  based  on  fossilized  
bubbles   trapped   in   conical   stromatolites   could   record   photosynthetic   production   of  
oxygen   as   early   as   2.7   Ga   (5,   6).   Nevertheless,   it   is   arguable   that   the   GOE   itself   is  
currently   the   strongest   evidence   for   cyanobacterial   oxygenic   photosynthesis,   but  
ongoing   and   future   research  will   ultimately   determine   the   robustness   of   the   existing  
evidence  for  pre-­‐‑GOE  oxygenesis.  However,  if  Archean  organic  biomarker  research  is  to  
continue   in   the   future,   pockets   of   better   preserved   rocks   must   be   identified   using  
 260 
multiple  screening  techniques  (e.g.  Rock-­‐‑Eval,  H/C  ratios,  Raman  spectroscopy,  etc.).  In  
the   event   that   thermal   maturity   screening   reveals   Archean   rocks   with   significantly  
lower  thermal  alteration,  ideally  within  the  oil  window,  then  the  techniques  described  
in  chapter   two   (drilling,   sampling,   storage,   concentration  gradients,  HyPy,  CSIA,  etc.)  
should  be  used  to  minimize  and  assess  hydrocarbon  biomarker  contamination.    
   One  of  the  primary  findings  in  chapter  3  was  identifying  a  discrepancy  between  
the   bulk   organic   carbon   isotopic   excursion   (CIE)   and   the   compound   specific   CIE  
through   the   Toarcian   oceanic   anoxic   event.   The   magnitude   of   the   CIE   needs   to   be  
accurately   known   in   order   to  model   possible   sources   of   13C-­‐‑depleted   carbon.  Marine  
and   terrestrial   molecular   isotopic   records   should   be   compiled   in   future   studies   of  
additional   sites   to   evaluate   whether   the   CIE   is   reproducibly   smaller   in   compound  
specific   records   compared   to   bulk   organic   carbon   isotopic   records,   which   will   allow  
further  testing  of  the  proposed  source  mixing  model  for  the  larger  CIE  recorded  in  bulk  
organic  matter.  If  this  hypothesis  can  be  verified  in  future  work,  then  less  carbon  may  
be  required  to  explain  the  carbon  cycle  perturbation  that  occurred  in  the  Early  Jurassic.  
   The   other   significant   finding   of   chapter   3   was   discovering   okenane   in  marine  
rocks  younger  than  the  Paleoproterozoic  for  the  first  time.  Subsequent  work  (chapter  4)  
illustrated  how  pervasive  okenane  is  in  marine  oils  and  rock  extracts  and  challenges  the  
traditional  interpretation  of  this  class  of  compound  as  only  reflecting  an  autochthonous  
water  column  signature.  The  multiple  environmental  sources  for  the  green  and  purple  
sulfur   bacterial   carotenoids   will   likely   be   difficult   to   disentangle,   yet   future   studies  
focusing  on  transport  of  carotenoids  from  coastal  and  benthic  sources  will  help  to  test  
the   feasibility   and   ubiquity   of   this   mechanism   in   modern   and   ancient   systems.  
Continued   efforts   to   identify   green   and   purple   sulfur   bacteria   and   their   pigments   in  
transiently  sulfidic  systems  in  the  modern  ocean  (e.g.  chapter  5)  will  also  test  whether  
the  application  of  these  paleoredox  proxies  truly  face  a  “no  analog”  problem  rather  than  
the  case  where  these  compounds  have  not  been  found  in  relevant  systems  because  these  
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systems  have  not  been  adequately  examined  for  evidence.  Another  future  challenge  will  
be   to  distinguish  cases  where   these  compounds  record  a  water  column  signature  of  a  
locally   restricted   paleobasin,   as   is   the   case   for   green   and   purple   sulfur   bacterial  
pigments   in  modern  marine   settings,   rather   than   larger   environmental   conditions   or  
perturbations.  The  improved  interpretation  of  these  compounds  will  significantly  affect  
how   we   understand   the   redox   chemistry   of   the   oceans   during   the   Proterozoic   and  
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Methanogenic  burst  in  the  end-­‐‑Permian  carbon  cycle  
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Nanjing  Institute  of  Geology  and  Palaeontology,  Chinese  Academy  of  Sciences,  Nanjing  
210008,  China  
  
ABSTRACT:  The  end-­‐‑Permian  extinction  is  associated  with  a  mysterious  disruption  to  
Earth’s  carbon  cycle.  Here  we  identify  causal  mechanisms  via  three  observations.  First,  
we   show   that   geochemical   signals   indicate   superexponential   growth   of   the   marine  
inorganic   carbon   reservoir,   coincident   with   the   extinction   and   consistent   with   the  
expansion   of   a   new  microbial  metabolic   pathway.   Second,  we   show   that   the   efficient  
acetoclastic  pathway  in  Methanosarcina  emerged  at  a  time  statistically  indistinguishable  
from   the   extinction.   Finally,   we   show   that   nickel   concentrations   in   South   China  
sediments   increased   sharply   at   the   extinction,   probably   as   a   consequence   of  massive  
Siberian  volcanism,  enabling  a  methanogenic  expansion  by  removal  of  nickel  limitation.  
Collectively,   these   results   are   consistent  with   the   instigation   of   Earth’s   greatest  mass  
extinction  by  a  specific  microbial  innovation.  
  
Significance  Statement:  The  end-­‐‑Permian  extinction   is   the  most   severe  biotic   crisis   in  
the   fossil   record.   Its   occurrence   has   been   attributed   to   increased  CO2   levels   deriving  
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from   massive   Siberian   volcanism.   However,   such   arguments   have   been   difficult   to  
justify  quantitatively.  We  propose  that  the  disruption  of  the  carbon  cycle  resulted  from  
the  emergence  of  a  new  microbial  metabolic  pathway  that  enabled  efficient  conversion  
of  marine  organic   carbon   to  methane.  The  methanogenic   expansion  was   catalyzed  by  
nickel  associated  with  the  volcanic  event.  We  support  this  hypothesis  with  an  analysis  
of   carbon   isotopic   changes   leading   up   to   the   extinction,   phylogenetic   analysis   of  
methanogenic   archaea,   and   measurements   of   nickel   concentrations   in   South   China  
sediments.   Our   results   highlight   the   sensitivity   of   the   Earth   system   to   microbial  
evolution.  
  












Main  Text:  The  greatest  rate  of  taxonomic  loss  during  the  end-­‐‑Permian  extinction—the  
most   severe   in   the   fossil   record   (1)—occurs   within   20,000   y,   beginning   about   252.28  
million  years   ago   (Ma)   (2)   at   a   time  precisely   coincident   (2)  with  geochemical   signals  
indicating   a   severe   and   equally   rapid   perturbation   to   Earth’s   carbon   cycle   (1–6).  
Although   probably   related,   neither   the   cause   of   the   extinction   nor   the   origin   of   the  
change  in  the  carbon  cycle  is  known.  One  possible  linkage  derives  from  the  observation  
that  massive  Siberian  volcanism  occurs  at  roughly  the  same  time  as  the  extinction  (7,  8).  
However,   quantitative   estimates   of   direct   volcanic   outgassing   are  much   too   small   to  
account  for  the  changes  in  the  carbon  cycle  (9).  Secondary  effects  of  Siberian  volcanism,  
such  as  the  combustion  of  huge  deposits  of  coal   (10)  or  other  forms  of  organic  carbon  
(11),   are   more   attractive   quantitatively   but   still   difficult   to   reconcile   with   observed  
geochemical  changes  (1–6).  Reports  of  marine  anoxia  in  the  Late  Permian  (5,  12,  13)  also  
indicate   changes   in   the   carbon   cycle.  Moreover,   the   notion   that   a   disturbance   of   the  
carbon  cycle  plays  a  significant  role  as  a  “kill  mechanism”  derives  considerable  support  
from   observations   of   physiological   differences   between   species   that   survived   the  
extinction  and  those  that  did  not  (14–16).  
Here   we   relate   the   principal   observations   of   end-­‐‑Permian   environmental   change—
massive  volcanism  and  changes  in  marine  CO2  and  O2  levels—to  the  transfer  of  genetic  
material,   from   a   cellulolytic   bacterium   to   a   methanogenic   archaeon,   that   enabled  
efficient  methanogenic  degradation  of  organic  carbon  (17).  Our  analysis  is  constructed  
from  three  key  observations.  First,  we  show  that  the  form  of  time-­‐‑dependent  changes  in  
the   carbon   isotopic   record   indicates   an   instability   within   the   carbon   cycle   that   is  
inconsistent   with   volcanic   combustion   of   organic   sediments   but   consistent   with   the  
expansion   of   a   new  microbial   metabolic   pathway.   Second,   we   identify   this   pathway  
with   efficient   acetoclastic  methanogenesis   and   show   that   the   age   of   the   last   common  
ancestor  of  Methanosarcina,  the  genus  using  this  pathway,  is  consistent  with  the  time  of  
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the  extinction.  Because  methanogens  are  limited  by  nickel  (18,  19),  the  third  component  
of  our  study  presents  an  analysis  of  nickel  deposited  in  South  China  sediments.  We  find  
that  nickel  concentrations  rose  just  before  the  extinction,  presumably  as  a  consequence  
of  Siberian  volcanism,  providing  a  mechanism  not  only   to   enhance   the  methanogenic  
expansion  and  its  perturbation  to  the  carbon  cycle  but  also  to  amplify  the  development  
of   marine   anoxia.   Taken   as   a   whole,   these   results   reconcile   an   array   of   apparently  
disparate  observations  about  the  end-­‐‑Permian  event.  
Growth  of  the  Marine  Carbon  Reservoir  
Fig.   1A   displays   the   carbon-­‐‑isotopic   record   in   Meishan,   China   (5).   Immediately  
preceding  the  extinction  event,  the  isotopic  composition  δ1  of  carbonate  carbon  declines  
by   about   7‰   during   a   period   of   about   100   thousand   years   (Kyr),   first   slowly,   and  
subsequently  rapidly.  At  the  same  time,  the  isotopic  composition  δ2  of  organic  carbon  
also  changes.  We  seek  the  physical  fluxes  in  the  carbon  cycle  that  predict  the  chemical  
signals   δ1(t)   and   δ2(t).   Of   particular   interest   is   whether   the   apparent   downward  
acceleration   of   the   carbonate   signal   can   provide   a   quantitative   indication   of   the  
underlying  biogeochemical  dynamics.  
To  obtain   such  understanding,  we   consider   the   carbon   cycle   to  be   a   simple   exchange  
between  globally  mixed  reservoirs  of  inorganic  and  organic  carbon,  via  photosynthesis  
and   respiration   (20),   and   assume   that   the   isotopic   changes   represent   a   perturbation  
from  a  preexisting  steady  state.  We  assume  that  the  system  is  perturbed  by  an  influx  of  
isotopically  light  inorganic  carbon  of  constant  isotopic  composition  δi′  <  δ1,   forcing  δ1  
to  decline  out  of  its  steady  state.  Because  organic  carbon  is  isotopically  light,  a  decrease  
in   its   rate   of   burial   is   effectively   indistinguishable   from   such   light   inputs.   However,  
changes   in   organic   burial   can   account   for   only   a   negligible   fraction   of   the   peak  
perturbed  flux  (SI  Text).  Changes  in  the  burial  flux  of  carbonate  carbon  are  limited  to  an  
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even  smaller  impact  because  its  isotopic  composition  is  identical  to  that  of  the  inorganic  
reservoir.  We  therefore  hold  both  burial  rates  constant  to  maintain  simplicity.  The  mass  
m1(t)   of   the   inorganic   reservoir   then   grows  with   time   t   in   response   to   the   increased  
inputs,  by  an  amount  m1′(t)  =  m1  −  m1*,  where  m1*  is  the  initial,  steady-­‐‑state,  size  of  the  
reservoir.  The  normalized  perturbation  M  =  m1′/m1*  is  then  straightforwardly  related  to  
changes  in  the  geochemical  signals  by  (SI  Text)  
                     [1]  
where  h  =  δi′  −  δ1(t)  <  0  determines  the  scale  of  the  perturbation  and  the  “force”  F  is  a  
weighted   sum   of   two   nonsteady-­‐‑state   effects:   the   nonzero   derivative   dδ1=dt   and   the  
departures  of  δ1  and  δ2   from  their  unperturbed  values.  The  solution  of  Eq.  1   for  M(t)  
provides   the   normalized   time-­‐‑dependent   perturbation   of   the   marine   reservoir   of  
dissolved  inorganic  carbon  (DIC).  The  way  in  which  the  DIC  reservoir  grows  with  time  
is  a  function  of  how  it  is  forced  out  of  its  steady  state;  consequently,  knowledge  of  M(t)  
can  be  used  to  test  models  of  the  end-­‐‑Permian  carbon  cycle.  
The   form   of   Eq.   1   provides   an   immediate   clue.   Because   δ1(t)   accelerates   sharply  
downward,   dδ1=dt   is   increasingly   negative.   Consideration   of   the   unforced   (F   =   0)  
equation  then  suggests  that  M  grows  exponentially  or  faster.  Numerical  solutions  of  Eq.  
1   confirm   this   view.   Fig.   1B   plots  M(t)   for   the   case   δi′   =   −28‰,   representative   of   the  
isotopic   composition   of   remineralized   organic   carbon,   assuming   a   constant   sediment  
accumulation  rate  between  the  known  dates  (2).  The  curvature  of  the  log-­‐‑linear  plot  in  
Fig.  1B,  Inset  suggests  that  the  growth  of  M(t)  is  faster  than  exponential.  (Although  the  
total  quantity  of  light  carbon  required  for  the  isotopic  excursion  depends  on  δi′  (1,  2,  6,  
9),   the  shape  of  M(t)   is   independent  of  δi′  when,  as  here,  δi′   is  much  smaller  than  δ1.)  
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Superexponential   growth   of   the   marine   inorganic   carbon   reservoir   implies   that   the  
carbon   cycle   behaves   nonlinearly.  As  we   show   later,   a   simple   dynamical  mechanism  
containing  a  leading-­‐‑order  nonlinearity  predicts  superexponential  growth  proportional  
to  (tc  –t)−1.  Such  a  growth  law,  where  tc  is  coincident  with  the  extinction  peak,  is  given  
by  the  red-­‐‑dashed  line  in  Fig.  1B.  The  burst  near  tc—an  incipient  singular  blow-­‐‑up—can  
be   traced   back   to   the   rapid   downward   acceleration   of   the   carbonate   signal,   a   feature  
that  is  not  exhibited  by  the  linearly  decreasing  isotopic  excursions  of  the  Early  Triassic  
(21).  
Fig.   2   combines   this   analysis   with   the   analogous   carbon   isotopic   signal   in   the  
Gartnerkofel-­‐‑I  core  drilled  in  the  Carnic  Alps,  Austria  (3,  4).  Cyclostratigraphic  analysis  
of   the   Gartnerkofel   core   indicates   that   the   sediment   accumulation   rate   over   the  
corresponding   interval   is   approximately   constant   (22).  When   the   accumulation   rate   is  
set   to   22.5   cm/Kyr,   approximately   within   a   factor   of   2   of   the   earlier   estimate   (22),  
reconstructions  of  M(t)  for  Gartnerkofel  are  qualitatively  similar  to  that  for  Meishan.  Fig.  
2,   which   superposes   both   reconstructions   in   linear,   log-­‐‑linear,   and   log−log   plots,  
confirms  the  inferences  already  drawn  from  the  Meishan  data.  Moreover,  the  similarity  
of  the  Meishan  and  Gartnerkofel  reconstructions  validates  our  assumption  of  a  constant  
accumulation   rate   at   Meishan.   We   conclude   that   M(t)   grows   no   slower   than  
exponentially,  and  likely  superexponentially.  
These   observations   impose   constraints   on   interpretations   of   end-­‐‑Permian  
environmental   change.   For   example,   CO2   released   to   the   atmosphere   from   a   single,  
massive   Siberian   coal−basalt   eruption   (10)  would   be  mostly   transferred   to   the   oceans  
after   about   102–103   y   (23).   The   uptake   rate   would   decrease   with   time   as   the   oceans  
acidify,   reducing   their   capacity   to   take   up   more   CO   (23).   M(t)   would   then   grow  
sublinearly,  qualitatively  different   from  what   is  shown  in  Figs.  1  and  2.  Alternatively,  
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such   an   eruption   could   be  more   gradual,   limited   by   the   rate   at  which   vents   form   to  
release  overpressured  gas  arising  from  contact  metamorphism  in  intruded  sills  (11).  The  
pressure  released  by  each  vent  decreases  overpressurization.  Wherever  the  pressure  is  
lowered,  the  rate  of  vent  formation  would  decrease,  and  M(t)  would  again  be  sublinear.  
It   is   possible,   however,   that   vents   were   sufficiently   dispersed   in   space   so   that   their  
formation   times   were   essentially   independent   and   randomly   distributed   over   some  
(possibly  small)  interval  of  time;  in  this  case,  one  expects  a  roughly  constant  rate  of  CO2  
emission,   and   M(t)   would   grow   linearly.   Likewise,   the   release   of   methane   from  
methane  hydrates  (1,  9)  could  be  clustered  in  time,  but  there  is  no  reason  to  expect  total  
methane   emissions   to   grow  much   faster   than   linearly,   in   part   because   any   resulting  
warming—a   potential   positive   feedback—would   be   only   logarithmically   sensitive   to  
increased  CH4  and  CO2  levels  (24).  Each  of  these  scenarios  would  produce  geochemical  
signals   that   qualitatively   differ   from   those   predicted   by   exponential   or  
superexponential   growth   (SI  Text).  The   constraints  provided  by   this   reasoning  derive  
only   from  the  shape  of  M(t),  not   the  quantity  of   isotopically   light  carbon  required   for  
the  event.  
The  Carbon  Source  and  Its  Remobilization  
We   seek   a  mechanism   that   can   result   in   growth   of  M(t)   that   is   exponential   or   faster.  
Because   such   an  upheaval   of   the   carbon   cycle   implies   substantial   changes  within   the  
microbial  biosphere,  we  hypothesize  that  the  perturbation  arises  from  the  emergence  of  
a  new  regime  of  microbial  metabolic  activity.  We  show  below  how  such  a  mechanism  
leads   to   the   observed   dynamics.   Before   doing   so,   we   first   identify   two   important  
ingredients  of  our  hypothesis:  a  suitably  large  source  of  degradable  organic  carbon  and  
the  new  metabolic  pathway  that  would  be  favored  for  its  consumption.  
In   terms   of   the   modern   carbon   cycle   (25),   our   reconstructions   of  M(t)   require   about  
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7,000–14,000   Gt   of   remineralizable   organic   carbon.   In   the   Late   Permian,   a   low-­‐‑O2  
marine   environment   (5,   12,   13)   would   have   increased   the   concentration   of   organic  
matter  in  sediments.  The  high  values  of  δ1  immediately  before  the  perturbation  suggest  
that   organic   carbon  was   sequestered   in   sediments   at   a   rate   at   least   50%   greater   than  
usual  (SI  Text),  which,  in  modern  terms  (25),  corresponds  to  excess  sequestration  of  at  
least   0.08  Gt  C   yr−1.   Integrated   over   the   first   175  Kyr   of   Fig.   1A,   this   corresponds   to  
14,000   Gt   C.   We   suggest   that   a   substantial   fraction   remained   remineralizable   and  
relatively   labile   compared   with   organic   carbon   in   modern   sediments,   thereby  
overcoming   the   apparent   limitations   (2)  posed  by   the   relatively   small   size   of  modern  
pools  of   isotopically   light  organic  carbon  (26)   (e.g.,  methane  hydrates,   fossil   fuels,  soil  
organic  carbon,  and  peat).  
The  accumulation  of  sedimentary  organic  matter  would  have  been  especially  sensitive  
to  changes  in  the  biosphere’s  ability  to  metabolize  the  products  of  fermentation.  Among  
these   products,   acetate   provides   a   major   growth   substrate   for   methanogens.   The  
conversion   of   acetate   to   methane   by   methanogenic   archaea—acetoclastic  
methanogenesis   (27)—begins  by  activating  acetate   to  acetyl  coenzyme  A  (acetyl-­‐‑CoA).  
Carbon  monoxide  dehydrogenase   (CODH)   then   catalyzes   the   cleavage  of   acetyl-­‐‑CoA,  
after   which,   in   common   with   the   utilization   of   all   methanogenic   substrates,   methyl-­‐‑
coenzyme  M   reductase   (MCR)   catalyzes   the   reduction   of   a  methyl   group   to  methane  
(27).   The   activation   to   acetyl-­‐‑CoA   within   methanogens   occurs   via   two   different  
pathways  in  two  distinct  groups  of  organisms:  Members  of  the  family  Methanosaetaceae  
use   a   single-­‐‑step  acetyl-­‐‑CoA  synthase   (ACS)  pathway,  whereas   some  members  of   the  
genus  Methanosarcina   use   a   two-­‐‑step   acetate   kinase   (AckA)-­‐‑phosphoacetyl   transferase  
(Pta)  pathway  (27).  The  AckA/Pta  pathway  is  more  energy  efficient,  requiring  only  one  
ATP  molecule  per  acetate  molecule  activated,  whereas  the  ACS  pathway  requires  two  
(28).  Growth  on   acetate  using   the   low-­‐‑efficiency  ACS  pathway  within  Methanosaeta   is  
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thermodynamically  possible  because  of  unique,  poorly  understood  innovations  in  their  
electron  transport  chain  (29);  this  limitation  may  be  responsible  for  their  observed  slow  
rate  of  growth  (30).  
Fournier   and  Gogarten   (17)   have   recently   shown   that   the   high-­‐‑efficiency   pathway   in  
Methanosarcina   evolved   via   a   single   horizontal   gene   transfer   event,   probably   from   a  
clade  of  cellulolytic  bacteria  belonging  to   the  class  Clostridia,  after   the  mid-­‐‑Ordovician  
evolution  of  vascular  land  plants  (450–500  Ma).  This  is  the  only  methanogenic  pathway  
shown  to  have  evolved  via  gene   transfer.   It  also  appears   to  be  a  conspicuously  recent  
event  within  the  evolution  of  methanogenesis,  as  all  other  methanogenic  pathways  have  
a  broader  phylogenetic  distribution  implying  much  more  ancient  origins.  Methanosaeta  
may  be  more  widespread  in  modern  low-­‐‑acetate  marine  environments  (31).  However,  
the  dominance  of  the  high-­‐‑efficiency  AckA-­‐‑Pta  pathway  at  high  acetate  concentrations  
(32)   combined   with   the   greater   growth   potential   of   Methanosarcina   suggests   that  
conditions   for   the   emergence   of   acetoclastic   Methanosarcina—specifically,   a   low-­‐‑O2  
marine  environment  (5,  12,  13)  and  the  accumulation  of  sedimentary  organic  matter—
would   have   been   favorable   in   the   Late   Permian.   Moreover,   reports   of   significantly  
reduced  marine   sulfate   concentrations   (33–36)   suggest   that   competition   from   sulfate-­‐‑
reducing  bacteria  would  have  been  diminished,   thereby  amplifying   the   importance  of  
methanogenesis  in  Late  Permian  marine  sediments.  
Phylogenetic  Analysis  
The  relevance  of  acetoclastic  Methanosarcina  to  the  end-­‐‑Permian  event  depends  crucially  
on   the   timing   for   the   ancestor   of   this   group.   To   obtain   an   estimate   for   this   date,  we  
reconstructed   archaeal   phylogenies   from   50   representative   genomes   and   constructed  
relaxed  molecular  clock  chronograms  using  PhyloBayes  2.3  (SI  Text).  Fig.  3A  illustrates  
our  results.  To  estimate  the  time  τm  of  the  last  common  ancestor  of  known  acetoclastic  
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representatives   of  Methanosarcina,  we  generated   chronograms  using   four   independent  
ribosome-­‐‑based  datasets,   separately  containing  29  concatenated  universally  conserved  
ribosomal  proteins,  12  concatenated  archaeal-­‐‑specific  ribosomal  proteins,  16S  ribosomal  
RNA,  and  23S  ribosomal  RNA.  The  phylogeny  of  these  ribosomal  components  reflects  
the   vertical   cellular   history   of   the  Methanosarcinales,   including  Methanosarcina   and   its  
descendants,   the   recipient   lineage   of   the   ackA/pta   transfer.   We   further   assume   that  
ribosomal   sequences  evolve   in  a   relatively   clock-­‐‑like  manner,  providing  more   reliable  
dates  than  most  other  genes  in  the  absence  of  internal  calibration.  Our  four  independent  
age   estimates,   shown   by   the   gray   bars   in   Fig.   3A,   are   consistent   with   each   other.  
Combining   them   together  yields   the   joint   estimate  τm   =   240   ±   41  Ma  depicted  by   the  
black   bar   in   Fig.   3A,   strikingly   close   to   the   end-­‐‑Permian   extinction   (SI   Text).   The  
discrepancy   with   a   previous   estimate   (37)   derives   from   the   earlier   use   of   an  
autocorrelated   clock   model   that   is   less   reliable   for   the   estimation   of   deep-­‐‑time  
phylogenies  than  the  approach  used  here  (SI  Text).  
Additional  phylogenetic  character  analysis  of  16S  sequences  from  33  species  within  the  
genus  Methanosarcina   lends   increased   precision   to   the   placement   of   the   gene   transfer  
event  within  the  chronogram  of  Fig.  3A.  As  shown  in  Fig.  3B,  all  Methanosarcina  strains  
that  grow  readily  on  acetate  diverge  within  the  M.  acetivorans/M.  mazei/M.  barkeri  clade,  
whereas  all  strains  shown  not  to  grow  on  acetate  diverge  more  deeply  within  the  tree.  
This   result   supports   a   relatively   recent   horizontal   transfer   of   ackA/pta   within   the  
Methanosarcina   genus   (SI   Text),   at   a   time   consistent   with   the   Late   Permian.   The  
combined  results  of  Fig.  3   therefore   support   the  hypothesis   that   the  emergence  of   the  
acetoclastic   pathway   in  Methanosarcina   provided   the  microbial   instigation   of   the   end-­‐‑
Permian  burst  in  the  carbon  cycle.  
Methanogenic  Expansion  
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Wherever   sulfate  was   limiting—because   of   a  widespread   drawdown   of   sulfate   levels  
(33–36),  a  localized  depletion  by  sulfate  reducers,  or  both—the  introduction  of  the  high-­‐‑
efficiency  acetoclastic  pathway  would  have  diminished  a  thermodynamic  barrier  (38)  to  
greater   acetate   production   by   fermenters.  Not   only  would   acetate   be   converted  more  
quickly   to   methane,   but   also   sedimentary   organic   matter   would   be   fermented   more  
rapidly  to  acetate.  Methanosaeta  would  have  played  a  supporting  role,  but  a  preexisting  
steady   state   excludes   the   possibility   that  Methanosaeta   itself   would   have   excited   the  
perturbation.  
The   resulting  methane   burst   would   have   been   oxidized   to   CO2,   either   by   anaerobic  
methanotrophs  at  the  expense  of  any  remaining  sulfate  or  aerobically.  O2  levels,  which  
were   likely   already   low   (5,   12,   13),   would   have   been   depressed   further.   Given   the  
assumptions  of  an  effectively  unlimited  substrate  and  a  preexisting  steady  state,  the  size  
of   the  acetoclastic  methanogenic  niche—i.e.,   the  carrying  capacity  K—would   therefore  
have  increased,  at  a  rate  proportional  to  the  rate  at  which  nearby  sulfate  and  O2  were  
depleted.   Taking   the   depletion   rate   proportional   to   the   methane   flux,   we   then   have  
dK/dt  =  k1dA/dt,  where  A  ∝  M  is  the  total  methane  production  and  k1  is  a  conversion  
constant.  Integrating  both  rates  yields  
                           [2]  
where   k0   is   the   initial   (unperturbed)   carrying   capacity.   At   the   time   scale   of   the  
geochemical   signals   (>103   y),   the   methanogenic   population   is   always   at   carrying  
capacity.  The  methane  production  rate  is  therefore  
                                [3]    
where   β   is   the   individual   metabolic   rate.   Eqs.   2   and   3   describe   unstable   growth:  
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Increasing  methane  production   (A)   increases   the   carrying   capacity   (K),  which   in   turn  
increases   the   methane   production   rate   dA=dt.   Then   if   β   is   constant,   A(t)   grows  
exponentially.  
However,   several   mechanisms   may   have   acted   to   increase   β.   These   include   the  
aforementioned  interactions  with  other  microbial  communities;  warming  due  to  higher  
CO2  and  methane  levels;  adaptive  radiation  (39)  as  subtaxa  evolved  to  more  efficiently  
use   acetate   in   particular   environments;   and   greater   access   to   any   limiting   mineral  
nutrients  as   the  anoxic,  methanogenic  niche   rose  upwards.  Each  of   these  mechanisms  
implies  a  functional  dependence  on  the  total  methane  production  A.  We  hypothesize  a  
linear  response:  
                             [4]    
where  β0  is  the  initial  metabolic  rate  and  β1  is  a  constant.  Inserting  Eqs.  2  and  4  into  Eq.  
3,  we  obtain    
                          [5]  
where  a0  =  β0k0,  a1  =  β1k0  +  β0k1,  and  a2  =  β1k1.  For  nonzero  a2,  the  solution  A(t)  blows  
up  at  a  time  tc  determined  by  initial  conditions.  Near  tc,  the  dynamics  are  dominated  by  
the  nonlinearity.  To  leading  order,  
                        [6]  
which  is  drawn  as  the  dashed  red  curve  in  Fig.  1B  and  the  dashed  straight  line  in  Fig.  
2C  (as  M  ∝  A,  using  the  best-­‐‑fitting  scale   factor).  The  good  fit  supports   the  nonlinear  
model  (Eq.  5),  but  it  raises  an  important  question:  As  t  approached  tc—the  time  of  peak  
extinction  activity—how  could  the  growth  of  the  methanogenic  community  have  been  
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sustained?  
Nickel  Limitation  and  the  Meishan  Nickel  Record  
Methanogens   require   nickel   (18).   The   active   site   of   the   enzyme   MCR,   used   by   all  
methanogens,   is   the  nickel  cofactor  F430;  moreover,   the  CODH  enzyme  complex  used  
by   acetoclastic   methanogens   also   contains   a   nickel   cofactor   (40).   Seawater  
concentrations   of   nickel   have   likely   been   beneath   the   limiting   threshold   for  
methanogens   for   roughly   the   last   2   billion   years   (19).   Accordingly,   we   suggest   that  
methanogenesis   in   Late   Permian   sediments   was   limited   by   nickel.   If   so,   the  
methanogenic  expansion  would  have  required  increased  access  to  nickel.  
Kaiho  et  al.  (41)  have  reported  a  sharp  increase  in  the  concentration  of  nickel  in  Meishan  
sediments  coincident  with  the  carbon  isotopic  spike.  Because  their  analysis  extends  only  
through  the  last  5‰  of  the  7‰  carbon  isotopic  spike  and  does  not  consider  the  effects  of  
lithologic   changes,  we  have  performed  new  measurements  of  nickel   concentrations  at  
Meishan,  not  only  over   the  entire   interval   shown   in  Fig.  1  but  also  well  above   it,  and  
have  corrected  our  measurements  for  variable  concentrations  of  carbonate  (SI  Text).  Fig.  
4   displays   our   results.   Nickel   concentrations   before   the   carbon   isotopic   spike   are  
typically  at  least  twice  as  high  as  after,  and  are  up  to  seven  times  greater  just  before  the  
abrupt   downturn.   With   such   elevated   concentrations,   nickel   would   no   longer   limit  
methanogenic   activity.   All   methanogens   would   have   prospered,   but   the   successful  
evolution   and   rapid   expansion   of   acetoclastic   Methanosarcina   would   have   been  
especially  favored  in  the  substrate-­‐‑rich  end-­‐‑Permian  environment.  
The   nickel   likely   originated   from   Siberia.   Earth’s   largest   economic   concentration   of  
nickel  is  in  the  Noril’sk  region,  deposited  during  the  emplacement  of  the  Siberian  traps  
(42).   The  Meishan   nickel   signal   may   therefore   represent   changes   in   ocean   chemistry  
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induced   by   the   Siberian   eruptions,   thereby   linking   the   growth   of   acetoclastic  
Methanosarcina   to  massive   Siberian   volcanism.   The   apparent   insensitivity   of   nickel   to  
redox  processes  (43–45)  supports  this  interpretation.  However,  elemental  redistribution  
during   diagenetic   redox   cycling   could   represent   an   alternative   cause   of   nickel  
enrichment  in  the  sediment  (46);   further  analysis  of  redox-­‐‑sensitive  elements  will  help  
evaluate  that  possibility.  
Conclusion  
Our   principal   observations—a   superexponential   burst   in   the   carbon   cycle,   the  
emergence   of   efficient   acetoclastic   methanogenesis,   and   a   spike   in   the   availability   of  
nickel—appear   straightforwardly   related   to   several   features   of   end-­‐‑Permian  
environmental   change:   Siberian  volcanism   (7,   8),  marine   anoxia   (5,   12,   13),   and  ocean  
acidification   (14–16).   A   single   horizontal   gene   transfer   (17)   instigated   biogeochemical  
change,   massive   volcanism   acted   as   a   catalyst,   and   the   resulting   expansion   of  
acetoclastic   Methanosarcina   acted   to   perturb   CO2   and   O2   levels.   The   ensuing  
biogeochemical  disruption  would  likely  have  been  widespread.  For  example,  anaerobic  
methane  oxidation  may  have  increased  sulfide  levels  (47),  possibly  resulting  in  a  toxic  
release   of   hydrogen   sulfide   to   the   atmosphere,   causing   extinctions   on   land   (48).  
Although   such   implications   remain   speculative,   our   work   makes   clear   the   exquisite  
sensitivity  of  the  Earth  system  to  the  evolution  of  microbial  life.  
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Fig.   1.   Carbon   isotopic   signals   immediately   preceding   the   end-­‐‑Permian   extinction   in  
Meishan,   China,   indicate   superexponential   growth   of   the   marine   inorganic   carbon  
reservoir.   (A)   Inorganic   (δ1,  blue)  and  organic   (δ2,  green)  carbon   isotopic  changes   (5).  
The  dates  at  both  ends  of   the  time  axis  are  resolved  within  ±0:08  Myr  (2);   in  between,  
time   is   interpolated   linearly   in  proportion   to   stratigraphic  height.  The  peak  extinction  
activity  occurs  at  approximately  −252.28  Myr  (2).  (B)  Reconstruction  (solid  blue  line)  of  
the  dimensionless  mass  M(t)  added  to  the  marine  inorganic  carbon  reservoir,  assuming  
initial   condition   M=0   and   an   influx   of   isotopically   light   carbon   with   isotopic  
composition  δ′i  =−28‰.  (Inset)  The  same  curve  plotted  on  log-­‐‑linear  axes;  the  concave  
upward   curvature   suggests   that  M(t)   grows   superexponentially.   The   dashed   red   line  
compares  M(t)   to   a   superexponential   growth   law  proportional   to   (tc   –t)−1,  where   the  
critical  time  tc  is  coincident  with  the  extinction  peak.  
rates constant to maintain simplicity. The mass m1ðtÞ of the in-
organic reservoir then grows with time t in response to the in-
creased inputs, by an amount m′1ðtÞ=m1 −mp1, where mp1 is the
initial, steady-state, size of the reservoir. The normalized per-
turbationM =m′1=m
p
1 is then straightforwardly related to changes














where h= δ′i − δ1ðtÞ< 0 determines the scale of the perturbation
and the “force” F is a weighted sum of two nonsteady-state
effects: the nonzero derivative dδ1=dt and the departures of δ1
and δ2 from their unperturbed values. The solution of Eq. 1 for
MðtÞ provides the normalized time-dependent perturbation of the
marine reservoir of dissolved inorganic carbon (DIC). The way in
which the DIC reservoir grows with time is a function of how it is
forced out of its steady state; consequently, knowledge of MðtÞ
can be used to test models of the end-Permian carbon cycle.
The form of Eq. 1 provides an immediate clue. Because δ1ðtÞ
accelerates sharply downward, dδ1=dt is increasingly negative.
Consideration of the unforced ðF = 0Þ equation then suggests
that M grows exponentially or faster. Numerical solutions of Eq. 1
confirm this view. Fig. 1B plots MðtÞ for the case δ′i =−28‰,
representative of the isotopic composition of remineralized
organic carbon, assuming a constant sediment accumulation rate
between the known dates (2). The curvature of the log-linear
plot in Fig. 1B, Inset suggests that the growth of MðtÞ is faster
than exponential. (Although the total quantity of light carbon
required for the isotopic excursion depends on δ′i (1, 2, 6, 9), the
shape of MðtÞ is independent of δ′i when, as here, δ′i is much
smaller than δ1.) Superexponential growth of the marine inorganic
carbon reservoir implies that the carbon cycle behaves nonlinearly.
As we show later, a simple dynamical mechanism containing a
leading-order nonlinearity predicts superexponential growth pro-
portional to ðtc − tÞ−1. Such a growth law, where tc is coincident
with the extinction peak, is given by the red-dashed line in Fig. 1B.
The burst near tc—an incipient singular blow-up—can be traced
back to the rapid downward acceleration of the carbonate signal,
a feature that is not exhibited by the linearly decreasing isotopic
excursions of the Early Triassic (21).
Fig. 2 combines this analysis with the analogous carbon iso-
topic signal in the Gartnerkofel-I core drilled in the Carnic Alps,
Austria (3, 4). Cyclostratigraphic analysis of the Gartnerkofel
core indicates that the sediment accumulation rate over the
corresponding interval is approximately constant (22). When the
accumulation rate is set to 22.5 cm/Kyr, approximately within
a factor of 2 of the earlier estimate (22), reconstructions of MðtÞ
for Gartnerkofel are qualitatively similar to that for Meishan.
Fig. 2, which superposes both reconstructions in linear, log-linear,
and log−log plots, confirms the inferences already drawn from the
Meishan data. Moreover, the similarity of the Meishan and
Gartnerkofel reconstructions validates our assumption of a con-
stant accumulation rate at Meishan. We conclude thatMðtÞ grows
no slower than exponentially, and likely superexponentially.
These observations impose constraints on interpretations of
end-Permian environmental change. For example, CO2 released
to the atmosphere from a single, massive Siberian coal−basalt
eruption (10) would be mostly transferred to the oceans after
about 102–103 y (23). The uptake rate would decrease with time
as the oceans acidify, reducing their capacity to take up more
CO2 (23). MðtÞ would then grow sublinearly, qualitatively dif-
ferent from what is shown in Figs. 1 and 2. Alternatively, such an
eruption could be more gradual, limited by the rate at which
vents form to release overpressured gas arising from contact
metamorphism in intruded sills (11). The pressure released by
each vent decreases overpressurization. Wherever the pressure
is lowered, the rate of vent formation would decrease, and MðtÞ
would again be sublinear. It is possible, however, that vents were
sufficiently dispersed in space so that their formation times were
essentially independent and randomly distributed over some
(possibly small) interval of time; in this case, one expects a
roughly constant rate of CO2 emission, and MðtÞ would grow
linearly. Likewise, the release of methane from methane hydrates
(1, 9) could be clustered in time, but there is no reason to expect
total methane emissions to grow much faster than linearly, in part
because any resulting warming—a potential positive feedback—
would be only logarithmically sensitive to increased CH4 and CO2
levels (24). Each of these scenarios would produce geochemical
signals that qualitatively differ from those predicted by exponen-
tial or superexponential growth (SI Text). The constraints provided
by this reasoning derive only from the shape of MðtÞ, not the
quantity of isotopically light carbon required for the event.
The Carbon Source and Its Remobilization
We seek a mechanism that can result in growth of MðtÞ that is
exponential or faster. Because such an upheaval of the carbon
cycle implies substantial changes within the microbial biosphere,
we hypothesize that the perturbation arises from the emergence
of a new regime of microbial metabolic activity. We show below
how such a mechanism leads to the observed dynamics. Before
doing so, we first identify two important ingredients of our hy-
























































Fig. 1. Carbon isotopic signals immediately preceding the end-Permian
extinction in Meishan, China, indicate superexponential growth of the ma-
rine inorganic carbon reservoir. (A) Inorganic (δ1, blue) and organic (δ2, green)
carbon isotopic changes (5). The dates at both ends of the time axis are
resolved within ± 0:08 Myr (2); in between, time is interpolated linearly in
prop rtion to stratigraphic height. Th peak extinction activity occurs at
approximately −252:28 Myr (2). (B) Reconstruction (solid blue line) of the
dimensionless mass MðtÞ added to the marine inorganic carbon reservoir,
assuming initial condition M= 0 and an influx of isotopically light carbon
with isotopic composition δ′i =−28‰. (Inset) The same curve plotted on log-
linear axes; the concave upward curvature suggests that MðtÞ grows super-
exponentially. The dashed red line compares MðtÞ to a superexpon ntial
growth law proportional to ðtc − tÞ−1, where the critical time tc is coincident
with the extinction peak.
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Fig.   2.   Rescaled   reconstructions   of   the  
mass  M(t)   of   the  marine   inorganic   carbon  
reservoir   for   both   the   Meishan   (red)   and  
Gartnerkofel   (blue)   data,   as   a   function   of  
rescaled   time   (tc  –   t)/τ,  where  τ  =  100  Kyr  
and  time  advances  to  the  right.  (A)  Plots  of  
M   vs.   (tc   –   t)/τ   show   that   both   curves  
behave   similarly  with   respect   to   a   critical  
time  tc.  (B)  Plots  of  M(t)  on  log-­‐‑linear  axes  
suggest   that   both   curves   grow  
superexponentially.   (C)   Plots   of   M(t)   on  
log−log   axes   compare   well   to   a   straight  
line   (dashed   black)   with   slope   −1,  
suggesting  that  both  reconstructions  grow  
like  (tc  –t)−1.  
     
and the new metabolic pathway that would be favored for its
consumption.
In terms of the modern carbon cycle (25), our reconstructions
of MðtÞ require about 7,000–14,000 Gt of remineralizable or-
ganic carbon. In the Late Permian, a low-O2 marine environment
(5, 12, 13) would have increased the concentration of organic
matter in sediments. The high values of δ1 immediately before
the perturbation suggest that organic carbon was sequestered in
sediments at a rate at least 50% greater than usual (SI Text),
which, in modern terms (25), corresponds to excess sequestration
of at least 0.08 Gt C yr−1. Integrated over the first 175 Kyr of
Fig. 1A, this corresponds to 14,000 Gt C. We suggest that a
substantial fraction remained remineralizable and relatively la-
bile compared with organic carbon in modern sediments, thereby
overcoming the apparent limitations (2) posed by the relatively
small size of modern pools of isotopically light organic carbon
(26) (e.g., met ane hydrates, fossil fuels, soil organic carbon,
and peat).
The accumulation of sedimentary organic matter would have
been especially sensitive to changes in the biosphere’s ability to
metabolize the products of fermentation. Among these products,
acetate provides a major growth substrate for methanogens. The
conversion of a etat to methane by methanogenic archaea—
acetoclastic methanogenesis (27)—begins by activating acetate
to acetyl coenzyme A (acetyl-CoA). Carbon monoxide dehydro-
genase (CODH) then catalyzes the cleavage of acetyl-CoA, after
which, in common with the utilization of all methanogenic sub-
str tes, methyl-coenzyme M reductase (MCR) catalyzes the re-
duction of a methyl group to methane (27). The activation to
acetyl-CoA within methanogens occurs via two different path-
ways in two distinct groups of organisms: Members of the family
Methanosaetaceae use a single-step acetyl-CoA synthase (ACS)
pathway, whereas some members of the genus Methanosarcina
use a two-step acetate kinase (AckA)-phosphoacetyl transferase
(Pta) pathway (27). The AckA/Pta pathway is more energy effi-
cient, requiring only one ATP molecule per acetate molecule
activated, whereas the ACS pathway requires two (28). Growth on
acetate using the low-efficiency ACS pathway withinMethanosaeta
is thermodynamically possible because of unique, poorly under-
stood innovations in their electron transport chain (29); this
limitation may be responsible for their observed slow rate of
growth (30).
Fournier and Gogarten (17) have recently shown that the
high-efficiency pathway in Methanosarcina evolved via a single
horizontal gene transfer event, probably from a clade of cellu-
lolytic bacteria belonging to the class Clostridia, after the mid-
Ordovician evolution of vascular land plants (450–500 Ma). This
is the only methanogenic pathway shown to have evolved via
gene transfer. It also appears to be a conspicuously recent event
within the evolution of methanogenesis, as all other methano-
genic pathways have a broader phylogenetic distribution implying
much more ancient origins. Methanosaeta may be more wide-
spread in modern low-acetate marine environments (31). How-
ever, the dominance of the high-efficiency AckA-Pta pathway at
high acetate concentrations (32) combined with the greater
growth potential of Methanosarcina suggests that conditions
for the emergence of acetoclasticMethanosarcina—specifically, a
low-O2 marine environment (5, 12, 13) and the accumulation of
sedimentary organic matter—would have been favorable in the
Late Permian. Moreover, reports of significantly reduced marine
sulfate concentrations (33–36) suggest that competition from
sulfate-reducing bacteria would have been diminished, thereby
amplifying the importance of methanogenesis in Late Permian
marine sediments.
Phylogenetic Analysis
The relevance of acetoclastic Methanosarcina to the end-Permian
event depends crucially on the timing for the ancestor of this
group. To obtain an estimate for this date, we reconstructed
archaeal phylogenies from 50 representative genomes and con-
structed relaxed molecular clock chronograms using PhyloBayes
2.3 (SI Text). Fig. 3A illustrates our results. To estimate the time
τm of the last common ancestor of known acetoclastic repre-
sentatives of Methanosarcina, we generated chronograms using
four independent ribosome-based datasets, separately containing
29 concatenated universally conserved ribosomal proteins, 12
concatenated archaeal-specific ribosomal proteins, 16S ribo-
somal RNA, and 23S ribosomal RNA. The phylogeny of these













































Fig. 2. Rescaled reconstructions of the mass MðtÞ of the marine inorganic
carbon reservoir for both the Meishan (red) and Gartnerkofel (blue) data, as
a function of rescaled time ðtc − tÞ=τ, where τ= 100 Kyr and time advances to
the right. (A) Plots of M vs. ðtc − tÞ=τ show that both curves behave similarly
with respect to a critical time tc . (B) Plots of MðtÞ on log-linear axes suggest
that both curves grow superexponentially. (C) Plots of MðtÞ on log−log axes
compare well to a straight line (dashed black) with slope −1, suggesting that
both reconstructions grow like ðtc − tÞ−1.

































Fig.   3.   (A)   Subtree   of   calibrated   archaeal   chronogram   showing  Methanosarcinales   and  
related   groups.   Acetoclastic   Methanosarcina   (bold)   groups   with   other   members   of  
Methanosarcinales,   including   the   distantly   related   acetoclastic   Methanosaetaceae   (M.  
thermophila,  M.  concilii).  Shaded  bars   indicate   the  estimated  acetoclastic  Methanosarcina  
ancestor  age  ranges  (±1  SD)  for  each  dataset.  The  combined  estimate  of  240  ±  41  Myr  is  
indicated  by  the  black  bar.  The  tree  was  generated  from  the  Universal  rProtein  dataset,  
with  the  age  of  acetoclastic  Methanosarcina  adjusted  to  match  the  combined  estimate.  (B)  
Members  of   the  genus  Methanosarcina   shown   to  grow  on  acetate  all  descend   from   the  
ancestor  of  sequenced  clade  representatives  containing  the  transferred  ackA/pta  genes  (*),  
congruent  with  the  age-­‐‑estimated  node  in  A.  The  relationships  between  known  taxa  are  
represented  by  their  16S  phylogenetic  tree.  
  
     
Methanosa cinales, includingMethanosarcina and its descendant ,
the recipient lineage of the ackA/pta transfer. We further assume
that ribosomal sequences evolve in a relatively clock-like manner,
providing more reliable dates than most other genes in the ab-
sence of internal calibration. Our four independent age esti-
mates, shown by the gray bars in Fig. 3A, are consistent with
each other. Combining them together yields the joint estimate
τm = 240± 41 Ma depicted by the black bar in Fig. 3A, strikingly
close to the end-Permian extinction (SI Text). The discrepancy
with a previous estimate (37) derives from the earlier use of an
autocorrelated clock model that is less reliable for the estimation
of deep-time phylogenies than the approach used here (SI Text).
Additional phylogenetic character analysis of 16S sequences
from 33 species within the genus Methanosarcina lends in-
creased precision to the placement of the gene transfer event
within the chronogram of Fig. 3A. As shown in Fig. 3B, all
Methanosarcina strains that grow readily on acetate diverge within
the M. acetivorans/M. mazei/M. barkeri clade, whereas all strains
shown not to grow on acetate diverge more deeply within the tree.
This result supports a relatively recent horizontal transfer of ackA/
pta within theMethanosarcina genus (SI Text), at a time consistent
with the Late Permian. The combined results of Fig. 3 therefore
support the hypothesis that the emergence of the acetoclastic
pathway in Methanosarcina provided the microbial instigation of
the end-Permian burst in the carbon cycle.
Methanogenic Expansion
Wherever sulfate was limiting—because of a widespread draw-
down of sulfate levels (33–36), a localized depletion by sulfate re-
ducers, or both—the introduction of the high-efficiency acetoclastic
pat way would have diminished a thermodynamic barrier (38)
to greater acetate production by fermenters. Not only would ac-
etate be converted more quickly to methane, but also sedimen-
tary organic matter would be fermented more rapidly to acetate.
Methanosaeta would have played a supporting role, but a preex-
isting steady state excludes the possibility thatMethanosaeta itself
would have excited the perturbation.
The resulting methane burst woul h ve been oxidiz d to CO2,
either by anaerobic methanotrophs at the expense of any re-
maining sulfate or aerobically. O2 levels, which were likely al-
ready low (5, 12, 13), would have been depressed further. Given
the assumptions of an effectively unlimited substrate and a pre-
existing steady state, the size of the acetoclastic methanogenic
niche—i.e., the carrying capacity K—would therefore have in-
creased, at a rate proportional to the rate at which nearby sulfate
and O2 were depleted. Taking the depletion rate proportional to
the methane flux, we then have dK=dt= k1dA=dt, where A∝M is
the total methane production and k1 is a conversion constant.
Integrating both rates yields
KðtÞ = k0 + k1AðtÞ; [2]
where k0 is the initial (unperturbed) carrying capacity. At the
time scale of the geochemical signals (>103 y), the methanogenic
population is always at carrying capacity. The methane produc-
tion rate is therefore
dA=dt= βK; [3]
where β is the individual metabolic rate. Eqs. 2 and 3 describe
unstable growth: Increasing methane production (A) increases
Fig. 3. (A) Subtree of calibrated archaeal chronogram showing Methanosarcinales and related groups. Acetoclastic Methanosarcina (bold) groups with
other members of Methanosarcinales, including the distantly related acetoclastic Methanosaetaceae (M. thermophila, M. concilii). Shaded bars indicate
the estimated acetoclastic Methanosarcina ancestor age ranges (±1 SD) for each dataset. The combined estimate of 240± 41 Myr is indicated by the black
bar. The tree was generated from the Universal rProtein dataset, with the age of acetoclastic Methanosarcina adjusted to match the combined estimate.
(B) Members of the genus Methanosarcina shown to grow on acetate all descend from the ancestor of sequenced clade representatives containing the
transferred ackA/pta gen s (*), congr ent with the age-estimated node in A. The relationships between known taxa are represented by their 16S
phylogenetic tree.




















Fig.   4.   Nickel   concentrations   (red)   in   the   Meishan   sediments,   compared   with   the  
isotopic   composition   δ1   of   carbonate   carbon   (blue).   (A)   Approximately   9   m   of  
sedimentary   section.   (B)  Close-­‐‑up   of   the   changes,   over   a   range   of   less   than   1  m.   The  
largest  nickel  concentration  precedes  the  smallest  value  of  δ1.  Nickel  concentrations  are  
reported  in  terms  of  a  carbonate-­‐‑free  basis  (SI  Text).  
  
  
the carrying capacity (K), which in turn increases the methane
production rate dA=dt. Then if β is constant, AðtÞ grows expo-
nentially.
However, several mechanisms may have acted to increase β.
These include the aforementioned interactions with other mi-
crobial communities; warming due to higher CO2 and methane
levels; adaptive radiation (39) as subtaxa evolved to more effi-
ciently use acetate in particular environments; and greater access
to any limiting mineral nutrients as the anoxic, methanogenic niche
rose upwards. Each of these mechanisms implies a functional de-
pendence on the total methane production A. We hypothesize
a linear response:
βðtÞ= β0 + β1AðtÞ; [4]
where β0 is the initial metabolic rate and β1 is a constant. Insert-
ing Eqs. 2 and 4 into Eq. 3, we obtain
dA=dt= a0 + a1A+ a2A2; [5]
where a0 = β0k0, a1 = β1k0 + β0k1, and a2 = β1k1. For nonzero a2,
the solution AðtÞ blows up at a time tc determined by initial con-
ditions. Near tc, the dynamics are dominated by the nonlinearity.
To leading order,
AðtÞ= 1
a2ðtc − tÞ;  t→ tc; [6]
which is drawn as the dashed red curve in Fig. 1B and the dashed
straight line in Fig. 2C (as M ∝A, using the best-fitting scale
factor). The good fit supports the nonlinear model (Eq. 5), but
it raises an important question: As t approached tc—the time of
peak extinction activity—how could the growth of the methano-
genic community have been sustained?
Nickel Limitation and the Meishan Nickel Record
Methanogens require nickel (18). The active site of the en-
zyme MCR, used by all methanogens, is the nickel cofactor F430;
moreover, the CODH enzyme complex used by acetoclastic
methanogens also contains a nickel cofactor (40). Seawater
concentrations of nickel have likely been beneath the limiting
threshold for methanogens for roughly the last 2 billion years
(19). Accordingly, we suggest that methanogenesis in Late
Permian sediments was limited by nickel. If so, the methanogenic
expansion would have required increased access to nickel.
Kaiho et al. (41) have reported a sharp increase in the con-
centration of nickel in Meishan sediments coincident with the
carbon isotopic spike. Because their analysis extends only through
the last 5‰ of the 7‰ carbon isotopic spike and does not
consider the effects of lithologic changes, we have performed
new measurements of nickel concentrations at Meishan, not
only over the entire interval shown in Fig. 1 but also well above
it, and have corrected our measurements for variable concen-
trations of carbonate (SI Text). Fig. 4 displays our results. Nickel
concentrations before the carbon isotopic spike are typically at
least twice as high as after, and are up to seven times greater
just before the abrupt downturn. With such elevated concen-
trations, nickel would no longer limit methanogenic activity.
All methanogens would have prospered, but the successful evo-
lution and rapid expansion of acetoclastic Methanosarcina would
have been especially favored in the substrate-rich end-Permian
environment.
The nickel likely originated from Siberia. Earth’s largest eco-
nomic concentration of nickel is in the Noril’sk region, deposited
during the emplacement of the Siberian traps (42). The Meishan
nickel signal may therefore represent changes in ocean chemistry
induced by the Siberian eruptions, thereby linking the growth
of acetoclastic Methanosarcina to massive Siberian volcanism.
The apparent insensitivity of nickel to redox processes (43–45)
supports this interpretation. However, elemental redistribution
during diagenetic redox cycling could represent an alternative
cause of nickel enrichment in the sediment (46); further analysis
of redox-sensitive elements will help evaluate that possibility.
Conclusion
Our principal observations—a superexponential burst in the
carbon cycle, the emergence of efficient acetoclastic methano-
genesis, and a spike in the availability of nickel—appear straight-
forwardly related to several features of end-Permian environmental
change: Siberian volcanism (7, 8), marine anoxia (5, 12, 13), and
ocean acidification (14–16). A single horizontal gene transfer
(17) instigated biogeochemical change, massive volcanism
acted as a catalyst, and the resulting expansion of acetoclastic
Methanosarcina acted to perturb CO2 and O2 levels. The en-
suing biogeochemical disruption would likely have been wide-
spread. For example, anaerobic methane oxidation may have
increased sulfide levels (47), possibly resulting in a toxic release
of hydrogen sulfide to the atmosphere, causing extinctions on
land (48). Although such implications remain speculative, our
work makes clear the exquisite sensitivity of the Earth system
to the evolution of microbial life.
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Fig. 4. Nickel concentrations (red) in the Meishan sediments, compared
with the isotopic composition δ1 of carbonate carbon (blue). (A) Approxi-
mately 9 m of sedimentary s ctio . (B) Close-up of the changes, over a range
f less than 1 m. The largest nickel concentration precedes the smallest
value of δ1. Nickel concentrati ns are reported in te ms of a carbonate-free
basis (SI Text).

































1  Isotopic  Dynamics  
Eq.  1  is  derived  from  the  model  of  ref.  1.  As  shown  in  Fig.  S1,  this  model  consists  of  two  
reservoirs   of   carbon,   inorganic   and   organic.   The   isotopic   compositions   δ   (inorganic  
carbon)  and  δ  (organic  carbon)  change  as  
                     [S1]  
                           [S2]  
                             [S3]  
                           [S4]  
Here   j12   is   the   flux   of   photosynthetic   production   from   reservoir   1→2,   j21   is   the  
respiration  or  remineralization  flux  from  reservoir  2  →  1,  and   ji   is   the  flux  of  external  
inorganic   inputs,   such  as   those   resulting   from  weathering  or  volcanism,  with   isotopic  
com-­‐‑  position  δi.   The   reservoir   sizes  m1   and  m2   are,   in   general,   time  dependent,   and  
lose  mass  by  burial  at  rates  b1  and  b2.  The  transfer  of  carbon  from  the  inorganic  to  the  
organic  pool  occurs  with  isotopic  fractionation  ε.  
1.1  Response  to  Changing  Inputs.  We  first  focus  on  changes  in  the  input  flux  ji  and  the  
isotopic   composition   δi   that   it   carries.   We   assume   that   the   turnover   time   of   organic  
carbon,  m2/j12,  is  short  compared  with  the  time  scale  over  which  the  isotopic  composi-­‐‑  
tion  of  inorganic  carbon  changes.  Then  at  time  scales  >>  m1/ji,  δ2  adjusts  quasi-­‐‑statically  
to  changes  in  δ1  and/or  ε  so  that  
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                              [S5]    
The  right-­‐‑hand-­‐‑side  of  Eq.  S2  then  vanishes,  and  we  can  substitute  Eq.  S5  into  Eq.  S1  to  
obtain  
                        [S6]  
We  next   assume   that   the   difference   between   the   production   and   respiration   fluxes   is  
balanced  by  the  burial  flux  b2  of  organic  carbon,  and  that  the  latter  is  constant;  i.e.,  
                           [S7]  
Eq.  S1  then  becomes    
                        [S8]  
Note   that   in   steady   state,   the   left-­‐‑hand   side   vanishes,   and  we   obtain   the  well-­‐‑known  
relation  δ1  =  δi  +  fε,  where  f  =  b2/ji  is  the  organic  burial  fraction  (2).  
We   consider   perturbations   from   a   steady   state   characterized   by   the   isotopic  
compositions  δ1*  and  δi*,   the   fractionation  ε*,   the   input   flux   ji*,  and  the  reservoir  size  
m1*.  We  suppose  that  the  steady  state  is  perturbed  by  an  anomalous  input  flux  ji′  that  
carries  an  anomalous  isotopic  composition  δi′.  Then  the  new  input  flux  is  given  by  
                              [S9]  
and  the  isotopic  flow  jiδi  is  similarly  partitioned  so  that  
                           [S10]  
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Substitution  of  Eqs.  S9  and  S10  into  Eq.  S8  gives  
                     [S11]  
In   the  preexisting  steady  state,   ji′  =  0,   the   left-­‐‑hand  side  above  vanishes,  and  we  have  
the  steady-­‐‑state  mass  balance  
                           [S12]  
Subtracting  Eq.  S12  from  Eq.  S11  and  dividing  by  ji*,  we  obtain  
                  [S13]     
where  we  have  substituted  f  =b2/ji*.  Rearranging  Eq.  S13,  we  obtain  
                     [S14]  
where  
     
  
We  next  decompose  m1  into  its  steady  state  m1*  and  its  perturbation  m1’(t):  
                           [S15]  
Substituting  Eq.  S7  into  S3,  we  find  
                           [S16]  
We  assume  that  the  carbonate  burial  rate  b1   is  constant.  Then,  subtracting   ji*  =  b1  +  b2  
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from  the  right-­‐‑hand  side  of  Eq.  S16  and  substituting  Eq.  S15  for  m1,  we  find  
                                [S17]  
Inserting  Eqs.  S15  and  S17  into  Eq.  S14,  we  obtain  
                  [S18]  
To  simplify  this  expression,  we  first  define  the  dimensionless  mass  
  
                              [S19]  
and  substitute  it  into  Eq.  S18  to  obtain  
                    [S20]  
where  τ  =  m1*/ji*  is  the  steady-­‐‑state  turnover  time  of  the  inorganic  reservoir  with  respect  
to  ji*.  We  then  define  
                              [S21]  
and  
                          [S22]  
Substitution  into  Eq.  S20  then  yields  Eq.  1:  
                                [S23]  
1.2  Response  to  Changing  Respiration  Flux.  We  now  consider  an  alternative  scenario  
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in  which  ji  remains  constant  but  j21  changes,  such  that  
                             [S24]    
This  case  corresponds  to  the  methanogenic  perturbation.  As  a  result  of  the  drawdown  
of  the  organic  reservoir,  the  mass  m2  is  no  longer  considered  constant.  
We  assume  once  again  that  δ2  adjusts  rapidly  to  changes  in  ε  or  δ1.  Then,  inserting  Eqs.  
S5  and  S24  into  Eq.  S1,  we  obtain  
                     [S25]  
We  once  again  assume  constant  b2,  but  we  no  longer  assume  the  mass  balance  for  m2  
implied  by  Eq.  S7.  We  instead  assume  only  that  the  production  rate   j12  =   j12*  =  const.  
Then,  after  subtracting  the  steady  solution  Eq.  S12  from  Eq.  S25,  we  obtain  
                       [S26]  
where  we  have  used  b2=j12*  −  j21*.  Noting  that  f  =  b2/ji*,  we  obtain,  after  rearrangement,  
                     [S27]  
Comparing  this  expression  to  Eq.  S14,  we  find  that  Eq.  S14  is  equivalent  to  Eq.  S27  when  
                          [S28]  
where  the  latter  expression  derives  from  Eq.  S5.  
Consequently,  Eq.  S23  applies  to  changes  in  either  ji  or  j21.  In  both  cases,  the  burial  rates  
b1  and  b2  are  fixed  while  m1  and  j21  can  vary.  However,  because  the  role  of  the  organic  
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reservoir  differs  in  the  two  cases,  somewhat  different  assumptions  underlie  the  model.  
These  are  summarized  in  Table  S1.  
1.3  Time-­‐‑Varying  Burial.   In   the  preceding  analysis,  we  have  assumed  constant  burial  
fluxes.   This   assumption   makes   the   analysis   simpler,   in   part   because   we   cannot  
distinguish  a  change   in   the  burial   flux   from  a  change   in   the   inputs.  However,  we  can  
show  that  a  change   in   the  burial  of  organic  carbon—which  carries   the  necessary   light  
isotopic  composition—cannot  account  for  the  peak  carbon  flux  at  Meishan.  
Suppose  that  the  perturbation  of  the  steady  state  consists  entirely  of  a  change  of  amount  
b2′  to  the  organic  burial  flux  b2  while  the  input  flux  ji  =  ji*.  Then  b2  varies  as  
                           [S29]    
where  b2*   is  the  initial  steady  burial  flux.  Assuming,  as  in  Response  to  Changing  Inputs,  
that  m2  and  b1  are  constant,  we  can  subtract  ji*  =  b1  +  b2  from  Eq.S17  to  obtain  
                              [S30]  
Comparing   this   expression  with  Eq.  S17,  we   find   that   changes   in   ji′   are   equivalent   to  
changes   in  b2′,  but  with  the  opposite  sign.  Growth  of  m1   therefore  requires  decreased  
burial.  However,  because  burial  cannot  be  negative,  m1  will  grow  only  when  
                              [S31]  
We  can  compare   the   lower  bound   to  our   reconstruction  by  dividing  both  sides  of  Eq.  
S30  by  ji*  and  substituting  Eq.  S19  to  obtain  
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                                [S32]  
Our   reconstructions   of   M(t)   suggest   that   the   right-­‐‑hand   side—the   dimensionless  
perturbed  flux  of  isotopically  light  carbon—exceeded  40  when  the  end-­‐‑Permian  carbon  
isotopic  excursion  reached   its  minimum  at  Meishan.  On   the  other  hand,  a  preexisting  
steady   state   requires   b2*   =   ji*   −   b1   in   addition   to   the   lower   bound   of   Eq.   S31,  
constraining  the  left-­‐‑hand  side  of  Eq.  S32  to  be  less  than  1.  Consequently,  a  drop  in  the  
organic  burial  flux  can  account  for,  at  most,  a  negligible  fraction  of  the  peak  carbon  flux.  
1.4   Numerical   Reconstructions.   Our   reconstructions   of   M(t)   were   performed   by  
numerically  integrating  Eq.  S23  with  initial  condition  M=0,  using  the  observations  δ1[t]  
and  ε(t)  =  δ1(t)  −  δ2(t)  to  construct  the  forcing  function  F(t)  and  the  “scale”  function  h(t).  
The   isotopic   composition   of   the   perturbed   flux   was   set   to   δi′   =   −28‰,   and   the  
preexisting,  steady-­‐‑state  isotopic  composition  of  carbonate  carbon  was  set  to  δ1*  =  3.5‰.  
In   the  case  of   the  Meishan  dataset,  which   included  ε(t),  we  additionally  assumed  that  
the  steady  state  was  characterized  by  the  burial  fraction    f  =  0.3  and  ε  =  31.67‰.  These  
quantities  are  consistent  with  the  pre-­‐‑excursion  data  and  collectively  satisfy  the  steady-­‐‑
state  mass  balance  relation  (2)  
                                [S33]  
where  δ1*  =  −6‰.  The  typical  Phanerozoic  value  of   f  is  about  0.2  (3);  consequently  the  
preexcursion   organic   burial   fraction   is   about   50%   greater.   For   the   Gartnerkofel   data,  
which  did  not  include  ε(t),  we  assumed  ε(t)  =  ε*.  In  both  cases,  the  relaxation  time  scale  
of   the   carbon   cycle   was   set   to   τ   =   100   thousand   years.   Numerical   integrations   were  
performed  using  standard  methods  provided  by  Matlab.  
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1.5  Graphical  Comparison  of  Alternative  Scenarios.  Fig.  S2  depicts  four  scenarios  for  
the  growth  of  M(t)  and  the  corresponding  decline  of  δ1(t).   In  Fig.  S2A,  the  uppermost  
curve  (a)  represents  sublinear  growth  of  M.  It  is  a  solution  of  
                                [S34]  
where  J  represents  a  constant  flux  and  τ  is  again  the  characteristic  relaxation  time.  The  
remaining  curves  of  Fig.  S2A  represent  linear  (b),  exponential  (c),  and  superexponential  
(d)  growth;  these  curves  are  solutions  of  
                              [S35]  
for   β   =   0,   1,   and   2,   respectively,   The   superexponential   curve   is   the   same   as   the   red  
dashed   curve   of   Fig.   1B   and   Eq.   6.   Each   of   the   remaining   curves   contains   two  
parameters   that   are   set   by   matching   the   initial   and   final   values   of   M(t)   in   the  
superexponential  case.  The  corresponding  curves  for  δ1(t),  obtained  by  solving  Eq.  S20  
for  δ1(t)  given  M(t)  assuming  ε  =  ε*,  are  shown  in  Fig.  S2B.  
2  Phylogenetic  Analyses  
  2.1   Phylogenetic   Reconstructions.   Protein-­‐‑based   phylogenies   were   generated   from  
aligned,   concatenated   ribosomal   protein   datasets   from   50   representative   archaeal  
genomes   as   described   and   provided   in   refs.   4   and   5.   For   RNA-­‐‑based   chronogram  
analyses,  phylogenies  including  these  same  taxa  were  generated  from  available  16S  and  
23S  sequences  obtained  from  GenBankK  (6),  and  aligned  using  the  MUSCLE  program  
(7).  The  phylogenetic  tree  for  mapping  acetate  growth  conditions  was  generated  in  the  
same   way   using   all   available   16S   sequences   within   Methanosarcina,   rooted   by   16S  
sequences   from   other  Methanosarcinales   taxa.   Trees   were   generated   for   each   dataset  
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using   the   program   PHYML   3.0   (8),   with   the   following   parameters:   substitution  
model(protein)  =  WAG,  substitution  model(nucleotide)  =  HKY,  proportion  of  invariant  
sites   =   estimated,   rate   categories   =   4,   gamma  shape  parameter   alpha  =   estimated,   tree  
topology   search   =   SPR.   Trees   were   rooted   between   Euryarchaeota   and   Crenarchaeota/  
Thaumarchaeota/Korarchaeota  groups.  
2.2  Chronogram  Calibrations.   Chronograms  were   generated  with   the   PhyloBayes   2.3  
program  (9),  using  uncorrelated  gamma  multipliers  (-­‐‑ugam)  as  a  relaxed  clock  model.  
Nucleotide  datasets  were  additionally  analyzed  using  an  autocorrelated  Cox–Ingersoll–  
Ross   (CIR)   process   model   (-­‐‑cir).   PhyloBayes   permits   ranged   calibrations,   outputs  
Gaussian  distributions  for  estimated  node  ages,  and  is  resistant  to  node-­‐‑density  artifacts  
(10).  Results  were  compiled  from  converged  runs  (∼3,000–5,000  generations)  with  a  20%  
burn-­‐‑in.  
In   the  absence  of  direct   fossil  evidence   to   time   the  archaeal  ancestor,  an  archaeal   root  
calibration   range   of   3.5–3.9   billion   years   ago   (Ga)  was   selected,   consistent  with  most  
estimates   (11,   12),   reflecting   a   Late   Hadean/Early   Archaean   origin   of   life   and   rapid  
diversification  of  major  domains  implicit   in  several  models  of  early  life  evolution  (13–
15).  We  are  unaware  of  any  seriously  considered  scenarios  for  a  much  later  origin  of  the  
major   domains.   As   our   tree   relies   on   a   clock   model   in   the   absence   of   internal  
calibrations,   the   uncertainty   in   estimated   divergence   times   arises   from   the   prior  
distribution  on   the   root.  Models   incorporating  a   lower-­‐‑bound  constraint  of   2.7  Ga   for  
the  ancestor  of  methanogens  were  also  tested  (11,  12).  Although  the  biomarker  used  to  
impose   this   constraint   has   recently   been   shown   to   be   unreliable,   neither   its   inclusion  
nor  removal  significantly  impact  molecular  clock  estimates.  In  both  cases,  the  estimated  
divergence  time  of  methanogens  was  substantially  older  than  2.7  Ga,  and  therefore  this  
calibration  point  was  not  “active”  in  its  establishment,  nor  in  the  subsequent  divergence  
times   within   methanogens,   including   the   last   common   ancestor   of   acetoclastic  
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Methanosarcina.  To  further  validate  this  clock  model,  estimated  divergence  times  within  
the  methanogen  clade  were  evaluated  based  on  their  temporal  consistency  with  specific  
horizontal   gene   transfer   (HGT)   calibration   events   within   the   literature,   analogous   to  
existing  validation  techniques  using  fossil  calibrations  (16).  Gene  transfer  events  serve  
as  useful  phylogenetic  markers  (17,  18),  especially  when  recipient  groups  contain  well-­‐‑
calibrated   dates.   We   find   that   our   molecular   clock   model   and   root   calibration   are  
consistent   with   time-­‐‑constrained   HGT   events   requiring   that   Group   II   Methanogens  
predate   the   cyanobacterial   ancestor,   and   that   the   halobacterial   ancestor   predates   the  
Opisthokonta  (Table  S2).  Models  with  a  substantially  more  recent  root  age  for  Archaea  
would  likely  violate  these  constraints.  
2.3  Estimates  of  the  Age  of  the  Methanosarcina  Ancestor.  We  estimated  the  time  τm  of  
the   last   common   ancestor   of   known   acetoclastic   representatives   of  Methanosarcina   by  
analyzing  four  independent  datasets.  Our  results,  summarized  in  Table  S3,  provide  the  
mean  µμi   and  SD  σi   of   the  Gaussian  distribution  p(τm|si),   the  probability   of  τm   given  
dataset  si  ,  i  =  1,…,  4.  These  four  independent  estimates  are  then  combined  into  a  single  
probability  distribution  as  follows.  
Using  Bayes’  theorem,  we  express  each  independent  distribution  as  
                    [S36]  
where  p(τm)   is   the  prior  distribution  for  τm.  The  probability  distribution  for  τm  given  
all  four  sets  of  data  is  
                    [S37]  
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The   independence   of   the   datasets   si   implies   that   their   joint   distribution   factorizes.  
Consequently,  
                           [S38]  
  Substitution  of  Eq.  S36  into  the  right-­‐‑hand  side  then  yields  
                     [S39]  
We  assume  that  the  prior  distribution  p(τm)=const:  Then  
                       [S40]  
The   posterior   distribution   p(τm|   s1,…,   s4)   is   therefore   the   normalized   product   of   the  
four  Gaussian  distributions  p(τm|si).  The  resulting  distribution  is  again  Gaussian,  with  
mean  
                       [S41]  
and  SD  
                          [S42]  
2.4  Selection  of  Relaxed  Clock  Model.  Although  all  molecular  clock  studies  are  subject  
to  model  violations  and  inaccuracies,  proper  model  selection  and  robust  gene  sets  have  
both  been  shown  to  produce  reliable  deep-­‐‑time  divergence  estimates  in  the  absence  of  
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fossil  calibration  data  (16,  19).  
Ref.  23  estimated  the  age  of  the  Methanosarcina  ancestor  at  about  150  ±  10  million  years  
ago  (Ma)  based  on  ribosomal  RNA  sequences,  a  date  substantially  more  recent  than  our  
own   estimates.   Although   this   work   also   included   a   Bayesian   analysis   of   divergence  
times   within   Archaea   using   a   concatenated   protein   dataset   similar   to   our   own,   an  
estimated   age   based   on   the   protein   dataset   was   not   reported   for   the  Methanosarcina  
ancestor.   The   ribosomal   RNA   analysis   in   ref.   23   makes   use   of   the   MultiDivTime  
program,  which   implements  an  autocorrelated  Brownian  motion  relaxed  clock  model,  
rather   than   the   uncorrelated   gamma   multi-­‐‑   pliers   relaxed   clock   model   (-­‐‑ugam)   we  
implement  using  PhyloBayes.  Uncorrelated  gamma  models  outperform  autocorrelated  
models   for   deep-­‐‑time   phylogenetic   analyses,   where   there   is   little   expectation   that  
evolutionary   rates   will   change   smoothly   across   adjacent   branches   (24).   Furthermore,  
autocorrelated   models   are   less   robust   to   local   violations   of   rate   models,   which   are  
tolerated  well  by  uncorrelated  models.  Uncorrelated  models  are   therefore  preferred   if  
the  underlying  branch  rate  model  is  not  known  (25).  
To  test  the  impact  of  model  choice  on  the  age  estimate  for  Methanosarcina,  we  performed  
two   additional   chronogram  analyses   on   ribosomal  RNA  datasets   (16S   and   23S)  using  
PhyloBayes,   under   both   uncorrelated   gamma   and   autocorrelated   CIR   models   [a  
Brownian   motion-­‐‑derived   model   (26)].   Under   the   CIR   model,   16S   and   23S   time  
estimates  for  Methanosarcina  (95  Ma  and  173  Ma,  respectively)  were  similar  to  the  more  
recent   dates   found   in   ref.   23,   whereas,   under   uncorrelated   gamma   models,   our  
estimates  were  235  Ma  and  260  Ma,  respectively,  more  consistent  with  one  another  and  
much  closer  to  the  ribosomal  protein-­‐‑based  age  estimates  given  in  Table  S3.  
2.5  Methanosarcina  Strain  Growth  Conditions.   The   16S   sequences  of   four   additional  
species   that   grow   readily   on   acetate   all   diverge   after   the   common   ancestor   of  
 298 
acetoclastic   Methanosarcina   within   the   ribosomal   tree:  M.   sicilae,   M.   honorobensis,   M.  
vacuolata,  and  M.  thermophila  (27–32).  Four  species  that  are  shown  not  to  grow  on  acetate  
all  diverge  before  this  node:  M.  semesiae,  M.  baltica,  M.  lacustris,  and  M.  sp.  HC-­‐‑2  (28,  33–
36).   To   our   knowledge,   the   more   deeply   branching   environmental   isolates   are   not  
available  for  additional  sequencing.  Consequently,  growth  conditions  provide  a  simple  
proxy   for   the   presence   of   ackA/pta,   and   are   reliable   given   the   well-­‐‑developed  
methodologies   for   characterizing   methanogen   growth   substrates   (35).   The   resulting  
phylogenetic   distribution   of   growth   conditions   is   simply   explained   by   a   singular  
horizontal   gene   transfer   of   ackA/pta   within   the   Methanosarcina   genus,   immediately  
preceding  the  divergence  of  the  acetoclastic  groups  within  our  ribosomal  tree.  
3  Nickel  Analyses  
  3.1  Meishan  Section  and  Sampling  Methods.  A  set  of  drill  core  and  outcrop  samples  
collected  from  Meishan  area,  South  China,  were  used  for  elemental  analysis.  The  core  
samples  are  all  from  the  Meishan  drill  core-­‐‑1,  which  spanned  the  stratigraphic  interval  
from  the  Late  Permian  Lungtan  Formation  to  the  Early  Triassic  Yinkeng  Formation.  A  
detailed   description   of   the   Meishan   drilling   project   undertaken   at   section   A   by   the  
Nanjing   Institute   of   Geology   and   Paleontology   in   2004   is   included   in   ref.   37.   The  
outcrop  samples  were  collected  from  section  C,  which  is  in  a  new  quarry  150  m  east  of  
the   drill   site.   The   sampling   interval   spanned   10   m   from   the   top   of   the   Changxing  
Formation   (8  m)   through   the  Yinkeng  Formation   (2  m),   crossing   the  Permian-­‐‑Triassic  
boundary.  All  rocks  from  the  drill  core  and  outcrop  can  be  correlated  lithologically  for  
comparison   with   the   exposed   outcrop   of   section   D,   which   represents   the   Global  
Boundary   Stratotype   Section   and   Point   for   the   Permian−Triassic   boundary   and  
Wuchiapingian−  Changhsingian  boundary  as  defined  by  the  conodont  zones  (37).  As  a  
result,  the  section  C  outcrop  sample  heights  were  converted  into  the  drilling  depth  for  a  
correlating  sequence.  
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3.2   Cleaning   Procedure.   Polyethylene   bottles,   polypropylene   15-­‐‑mL   tubes,   and  
polypropylene  1.5-­‐‑mL  centrifuge  vials  were  acid-­‐‑  leached  with  1  M  reagent-­‐‑grade  HCl  
for  a  minimum  of  1  d  at  60°C.  The  bottles,  tubes,  and  vials  were  rinsed  five  times  with  
pure  distilled  water.  After  being  filled  with  0.06  M  high  purity  HCl,  the  bottles,  tubes,  
and   vials  were   leached   for   an   additional   day   at   60°C.   Pipette   tips  were   rinsed   three  
times  with  dilute  HCl  and  three  times  with  pure  distilled  water  immediately  before  use.  
Four  95%  Pt/5%  Au  crucibles,  Teflon  beakers,  and  Teflon   tops  were  heated   in  reagent  
grade  8  M  HNO3  for  90  min  at  70°C  on  a  hotplate.  After  rinsing  thoroughly  with  pure  
distilled  water,  crucibles,  beakers,  and  tops  were  air-­‐‑dried  in  a  laminar-­‐‑flow  clean  bench.  
3.3   Manual   Fusion   Procedure.   Samples   were   powdered   using   a   solvent-­‐‑cleaned  
ceramic  puck  mill.   Powdered   sample  material   (∼0.100   g)  was  weighed  directly   into   a  
preweighed  crucible,  and  then  ∼0.300  g  of  lithium  metaborate  flux  (LiBO2;  Claisse  pure  
grade)  was  added  to  achieve  an  approximate  sample-­‐‑to-­‐‑flux  ratio  of  1:3.  Precise  masses  
were   recorded.  The   sample   and   flux  were  mixed  with   an   acid-­‐‑rinsed  pipette   tip.  The  
crucible   containing   the   sample  and   flux  mixture  was  heated  over   a  natural  gas   flame  
produced  by  a  Meker  burner  for  at  least  10  min.  Using  Pt-­‐‑tipped  tongs,  the  crucible  was  
gently   shaken   to   agitate   the   sample   and   flux  mixture.  After   10  min,   the   crucible  was  
plunged   into   a   clean   Teflon   beaker   containing   ∼15  mL   high   purity   1  M  HNO3.   The  
Teflon  beaker  containing  the  crucible,  dilute  acid,  and  sample  bead  were  sonicated  for  
an   hour   in   a   deionized  water   bath.   The   crucible  was   removed   and   rinsed  with   pure  
distilled  water  before  being  acid  leached  as  described  above.  The  rinsate  was  collected  
in   the   Teflon   beaker   containing   the   sample   solution   before   being   sonicated   for   an  
additional  half  hour  to  ensure  complete  dissolution.  The  sample  solution  in  the  Teflon  
beaker  was  decanted  into  a  preweighed,  clean  30-­‐‑mL  polypropylene  bottle.  The  Teflon  
beaker  was  rinsed  with  distilled  water,  and  the  rinsate  was  decanted  into  the  same  30-­‐‑
mL  polypropylene   bottle.   The  mass   of   the   solution  was   recorded.   The   density   of   the  
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sample   solution   was   calculated   by   weighing   1   mL   of   the   sample   solution   using   a  
calibrated   pipette.   The   exact   volume   of   the   sample   solution   in   the   30-­‐‑mL   bottle   was  
calculated  gravimetrically  from  the  density  and  the  recorded  mass.  Distilled  water  (5−10  
mL)  was   filtered   through   a   0.2-­‐‑m  Nalgene   syringe   filter.   Then,  ∼5  mL  of   clean   0.2  M  
trace  metal  clean  HNO3  followed  by  ∼5  mL  of  distilled  water  were  filtered  through  the  
filter  cartridge  and  discarded.  After  filtering  and  discarding  ∼2  mL  of  sample  solution,  
∼1.5  mL   of   sample   solution  were   collected   in   an   acid-­‐‑cleaned   1.5-­‐‑mL   centrifuge   vial.  
Using   an   auto   pipette,   0.750   mL   of   filtered   sample   solution,   75   µμL   of   a   0.2   ppm   In  
solution,  and  14.175  mL  of  high-­‐‑purity  0.2  N  HNO3  were  combined  in  a  15-­‐‑mL  tube  for  
elemental   analysis   by   Quadrupole   Inductively   Coupled   Plasma   Mass   Spectrometry  
(ICPMS,  Fisons  PQ2+).  A  multielement  standard,  which  included  In  (1  ppb)  and  Ni  (1  
ppb),  was  analyzed  with  the  samples  and  used  for  concentration  calculations.  
Each   sample  was   independently   prepared   in   duplicate   and   analyzed   in   duplicate   by  
ICPMS.  Two  flux  blanks  were  prepared  by  weighing  ∼0.3  g  of  LiBO2  and  dissolving  it  
in  high-­‐‑purity  1  M  HNO3  acid.  The   flux  blanks   for  Ni  were  negligible   in  comparison  
with   the   ICPMS   signal   for   0.2   M   high-­‐‑purity   HNO3,   which   was   also   low.   A   rock  
standard   (USGS  G-­‐‑2)  was  prepared   in   triplicate,  and  6  LiBO2  procedural  blanks  were  
prepared   using   the   method   detailed   above.   The   procedural   blanks   were   all   below   1  
ppm  (expressed  as  the  concentration  in  100  mg  of  sample)  with  a  single  exception.  The  
average  value  for   the  procedural  blanks  was  0.7  ppm,  which  was  subtracted  from  the  
uncorrected   G-­‐‑2   standard   concentrations   and   sample   concentrations.   The   accepted  
value  for  the  Ni  concentration  of  the  G-­‐‑2  standard  is  5:0±  2:8  ppm  (38),  which  compares  
well  with  the  average  value  of  5.5  ppm  that  we  measured  for  the  G-­‐‑2  standard  using  the  
fusion   method   and   ICPMS   analysis   as   described   above.   The   measured   bulk   Ni  
concentrations  for  the  duplicates  were  averaged,  and  the  absolute  error  was  3.0  ppm,  on  
average.   Some   variability   between   the   duplicates   may   stem   from   sample  
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inhomogeneities.  The  measured  concentration  data   for   the  procedural  blanks  and  G-­‐‑2  
standard  concentrations  are  given  in  Table  S4.  
3.4  Carbonate  Free  Basis  Calculation.  Lithology  is  highly  variable  through  the  Meishan  
section.  To  account  for  the  lithological  variability,  percent  carbonate  was  measured  by  
decarbonation  and  a  carbonate  free  basis  correction  was  applied.  Approximately  0.5  g  
of  powdered  sample  was  weighed  into  a  polypropylene  vial.  Each  sample  was  acidified  
with  1N  reagent  grade  HCl.  Multiple  treatments  were  applied  until  CO2  was  no  longer  
evolved.  The   samples  were   rinsed  with  distilled  water  until  pH  neutral  was   reached.  
The  samples  were  dried  in  a  60  °C  oven  and  reweighed.  The  fraction  φ  of  carbonate  was  
calculated  based  on  the  difference  between  the  initial  and  final  weights.  The  carbonate-­‐‑
free-­‐‑   basis   concentration,   [Ni]cfb,   was   then   computed   from   the   bulk   concentration  
[Ni]bulk  from  the  formula  
                                  [S43]    
This  calculation  assumes  that  the  Ni  in  the  carbonate  phase  is  negligible  compared  with  
the   noncarbonate   phase   (39).   Fig.   S3   contains   a   plot   of   the   carbonate   fraction   in   the  
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Fig.   S1.   Isotopic   reservoirs   and   fluxes   in   a   two-­‐‑compartment   idealization   of   the  
geochemical  carbon  cycle  (1).  
  
Fig.  S2.  Examples  of  sublinear  (a),  linear  (b),  exponential  (c),  and  superexponential  (d)  
growth.  (A)  Curves  for  the  dimensionless  mass  MðtÞ.  (B)  Curves  for  δ1ðtÞ.  
  
Fig.   S3.   Plot   of   the   weight   percent   of   carbonate   (red)   in   the   Meishan   section.   The  
isotopic  composition  of  carbonate  (blue)  is  shown  for  reference.  
A B
Fig. S2. Examples of sublinear (a), linear (b), exponential (c), and superexponential (d) growth. (A) Curves for the dimensionless massMðtÞ. (B) Curves for δ1ðtÞ.




























Fig. S3. Plot of the weight percent of carbonate (red) in the Meishan section. The isotopic composition of carbonate (blue) is shown for reference.
Table S1. Comparison of assumptions related to the analysis of
carb n cycles driven out of steady state by changing ji and by
changing j21
Quantity Changing ji Changing j21
ji varies constant
j12 varies constant
j12 − j21 constant varies
m2 constant varies
Table S2. Temporally calibrated HGT events are consistent with estimated divergence times
within the ribosomal clock model
HGT time constraint Upper-bound estimate Lower-bound estimate
(donor > recipient) from clock model (95% CI) from calibrations
Halobacteria > Opisthokonta 0.55–1.05 Ga 0.89–0.99 Ga (19)
TyrRS protein (20)
Group II Methanogens* > Cyanobacteria 2.09–2.7 Ga 2.3–2.5 Ga (21)
SMC protein (22)
Upper-bound age estimates for the halobacterial ancestor may be underestimated due to low sampling and
the unresolved, complex evolutionary history of Halobacteria.
*Maximum-likelihood tree of SMC proteins within Euryarchaeota verified the transfer identified by Cobbe and
Heck (22) and confirmed transfer from a donor within the methanogens following the divergence of Archae-
oglobales.
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Fig. S3. Plot of the weight percent of carbonate (red) in the Meishan section. The isotopic composition of carbonate (blue) is shown for reference.
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method and ICPMS analysis as described above. The measured
bulk Ni concentrations for the duplicates were averaged, and the
absolute error was 3.0 ppm, on average. Some variability be-
tween the duplicates may stem from sample inhomogeneities.
The measured concentration data for the procedural blanks and
G-2 standard concentrations are given in Table S4.
3.4 Carbonate Free Basis Calculation. Lithology is highly variable
through the Meishan section. To account for the lithological
variability, percent carbonate was measured by decarbonation
and a carbonate free basis correction was applied. Approximately
0.5 g of powdered sample was weighed into a polypropylene vial.
Each sample was acidified with 1N reagent grade HCl. Multiple
treatments were applied until CO2 was no longer evolved. The
samples were rinsed with distilled water until pH neutral was
reached. The samples were dried in a 60 °C oven and reweighed.
The fraction ϕ of carbonate was calculated based on the differ-
ence between the initial and final weights. The carbonate-free-
basis concentration, ½Ni"cfb, was then computed from the bulk





This calculation assumes that the Ni in the carbonate phase is neg-
ligible compared with the noncarbonate phase (39). Fig. S3 con-
tains a plot of the carbonate fraction in the section. Table S5
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Fig. S1. Isotopic reservoirs and fluxes in a two-compartment idealization of the geochemical carbon cycle (1).
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Fig. S2. Examples of sublinear (a), linear (b), exponential (c), and superexponential (d) growth. (A) Curves for the dimensionless massMðtÞ. (B) Curves for δ1ðtÞ.




























Fig. S3. Plot of the weight percent of carbonate (red) in the Meishan section. The isotopic composition of carbonate (blue) is shown for reference.
Table S1. Comparison of assumptions related to the analysis of
carbon cycles driven out of steady state by changing ji and by
changing j21
Quantity Changing ji Changing j21
ji varies constant
j12 varies constant
j12 − j21 constant varies
m2 constant varies
Table S2. Temporally calibrated HGT events are consistent with estimated divergence times
within the ribosomal clock model
HGT time constraint Upper-bound estimate Lower-bound estimate
(donor > recipient) from clock model (95% CI) from calibrations
Halobacteria > Opisthokonta 0.55–1.05 Ga 0.89–0.99 Ga (19)
TyrRS protein (20)
Group II Methanogens* > Cyanobacteria 2.09–2.7 Ga 2.3–2.5 Ga (21)
SMC protein (22)
Upper-bound age estimates for the halobacterial ancestor may be underestimated due to low sampling and
the unresolved, complex evolutionary history of Halobacteria.
*Maximum-likelihood tree of SMC proteins within Euryarchaeota verified the transfer identified by Cobbe and
Heck (22) and confirmed transfer from a donor within the methanogens following the divergence of Archae-
oglobales.
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Table S3. Estimates of the Methanosarcina ancestor age
Dataset Mean age, Ma SD, Ma
Universal ribosomal proteins 227.6 54.4
Archaeal ribosomal proteins 267.9 91.4
16S ribosomal RNA 235.2 111.8
23S ribosomal RNA 259.8 141.7
Table S4. Nickel concentrations for blanks and standards
Blank and standard replicates Concentration, ppm
Procedural blank A 0.6
Procedural blank B 2.6
Procedural blank C 0.3
Procedural blank D 0.4
Procedural blank E 0.2
Procedural blank F 0.1




G-2 standard average 5.5
Table S5. Nickel analyses of the Meishan section
Sample label Height, m Bulk Ni, ppm Ni carbonate free basis, ppm carbonate, % Ni error, ppm
MS-1–34-1a −103.93 31.2 34.0 8 1.9
MS-1–32-1a −105.09 19.9 31.4 37 3.5
MS-1–27-1a −106.49 26.7 34.2 22 3.8
MS-1–26-1a −106.60 29.2 32.9 11 3.3
MS24eu −106.70 15.9 65.3 76 2.0
MS24-1a −106.73 26.8 248.3 89 4.7
MS-1–24-8a −106.74 27.2 131.8 79 1.3
MS24-2a −106.81 15.1 232.0 94 2.3
MS24-3a −106.83 10.6 30.8 66 4.6
MS24-4a −106.88 24.6 66.1 63 2.1
MS-1–24-2a −107.10 4.0 34.4 89 0.9
MS24-6a −107.17 28.2 84.5 67 —
MS24-9a −107.39 25.0 100.7 75 9.4
MS-1–24-6a −107.94 16.7 51.2 67 4.6
MS-1–23-4a −109.40 12.9 100.9 87 1.5
MS05-2b −111.44 15.2 78.6 81 4.7
MS05-4b −112.80 12.1 77.5 84 —
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